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ABSTRACT
Transplanting is a common practice for many horticultural crops and some
field crops. Recently, transplanted oilseed rape (Brassica napus L.) crops have been
reported to be sensitive to zinc (Zn) deficiency. However, Zn nutrition in transplanted
field crops has not been investigated in detail. The objectives of this present research
were to investigate whether transplanting increases external Zn requirements of
transplanted oilseed rape, and the mechanisms of root function, growth and Zn uptake
after transplanting including rhizosphere modification capacity by plant roots. The
second objective was to examine the relative effects of root pruning and transplanting
on Zn responses of oilseed rape, and the third objective was to determine external and
internal Zn requirements of transplanted oilseed rape for diagnosing and predicting
Zn deficiency.
An experiment on a low Zn sand  (DTPA extractable Zn 0.14 mg kg
-1) was set
up to determine whether transplanted oilseed rape had a higher Zn requirement than
that of direct-sown plants. Low Zn supply depressed shoot dry weight, however, root
growth was relatively more strongly suppressed than shoots. Maximum root dry
weight required much higher external Zn for transplanted plants compared to direct-
sown plants, whilst shoot dry weight required a similarly low external Zn supply. In
addition, transplanted plants were sensitive to zinc deficiency during the early post-
transplanting growth, and the response weakened as the plants recovered from root
injury or transplanting stress. However, the transplanted plants also experienced rootiv
pruning before transplanting and so in this experiment the higher Zn requirement
could have been due to root pruning or transplanting or both.
A further experiment was undertaken to determine the comparative external
Zn requirements of direct-sown and transplanted plants in well-stirred chelate-
buffered solution culture where a rhizosphere effect on plant availability of Zn forms
is absent and the effects of  poor root-soil contact on post-transplanting growth are
minimized.  In solution culture at the same level of Zn supplied, direct- sown plants
produced higher shoot and root dry matter and greater root length than those of
transplanted plants.  However, since a higher external Zn requirement was found for
transplanted plants in buffered solution culture than for direct- sown plants, it was
concluded that the higher Zn requirement was not related to decreased rhizosphere
modification, to greater demand for Zn or to poor root-solution contact, but rather to
the time required for transplanted plants to recover from transplanting and root injury.
The recovery of root function in solution culture was more rapid than that in soil
culture and expressed as a higher Zn requirement for shoot as well as root growth. It
suggested that the delay in root recovery in soil culture was due to slower absorption
of Zn from the soil after transplanting than was the case in solution culture.
Chelate-buffered nutrient solution culture and harvesting plants successively
at  5  day  intervals  until  25  days  after  transplanting  was  used  to  examine  the
mechanisms of the recovery of root growth and function. In this experiment, the
external Zn requirement of transplanted plants was investigated with unpruned or
pruned root systems. Plants with unpruned root system and sufficient Zn supplyv
exhibited faster recovery from transplanting than those with pruned root system
plants. The results suggest that root pruning impaired Zn uptake by plant roots and
slowed down the root and shoot growth after transplanting. Increased solution Zn
partly alleviated the effects of root pruning and presumably this is a major reason
why transplanted oilseed rape had a high external Zn requirement. However, root
pruning also appeared to impair water uptake, and may have suppressed shoot growth
through  sequestering  carbon  for  new  root  growth  and  through  decreased
phytohormone production by roots.
Since rapid root recovery of transplanted plants is essential for successful of
growth in the field, Zn application to the nursery bed was explored as a starter
fertilizer to stimulate root growth after transplanting. The objective of this experiment
was to determine whether increasing the seedbed Zn would stimulate new root
growth of transplanted oilseed rape, and therefore would alleviate the need for
increased external Zn for post-transplanting growth. Results showed that adequate Zn
concentration in the seedbed promoted the post-transplanting growth by stimulating
the new root growth especially increased root length, and also hastened the recovery
of root systems. However, high Zn concentration at transplanting still had a more
dominant effect in stimulating the new root growth of oilseed rape after transplanting.
The final experiment was set up using rhizobags with three rates of Zn supply
and unpruned or pruned root systems. The purpose of this study was to investigate the
chemical  change  in  the  rhizosphere  and  non-rhizosphere  or  bulk  soil  and  its
relationship to the recovery of root function after transplanting, and also to identifyvi
and quantify the organic acids in soil extracts of direct-sown and transplanted plants.
The rhizosphere soil pH was lower than that of non-rhizosphere soil, and the decrease
of soil pH was suggested as the mechanism of the increase of Zn availability and
mobility in the rhizosphere soil. Direct-sown plants were more efficient in utilizing
Zn than those of transplanted plants especially compared to those of plants with
pruned root system. Zinc deficient plants excreted higher concentration of organic
acids particularly citric acid, suggesting this was a mechanism of Zn mobilization and
Zn uptake by roots of oilseed rape.
The main implications of the present study for the management of Zn nutrition
of transplanted crops were: the need to increase the Zn application to crops in the
nursery and at transplanting compared to direct-sown plants; the possibility that
external requirements of other nutrients will be greater in transplanted crops also
requires further consideration; and in cropping systems where transplanting is
practised, greater attention should be given to the avoidance of root damage during
the transplanting.vii
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CHAPTER  1
LITERATURE REVIEW AND THESIS AIMS
1.1. Introduction
Zinc  (Zn)  is  an  essential  micronutrient  required  for  the  growth  and
development of higher plants (Kochian, 1993; Marschner, 1995). Since the
recognition of Zn as an essential element in 1928, Zn salts have been extensively
used as fertilizers for crops (Sauchelli, 1969). Zinc deficiency has subsequently
been reported from all over the world (Takkar and Walker, 1993).  In recent times
reports of Zn deficiency in various crops have escalated, because intensive
cultivation and high yielding varieties remove increased amounts of Zn from soil
at every harvest, and the increased use of high analysis mineral fertilisers such as
di-ammonium phosphate and triple superphosphate have reduced the input of Zn
to soils.
Apart from the above reasons, interest in Zn has been stimulated by recent
research  indicating  that  Zn  plays  important  roles  in  a  number  of  different
processes of plant physiology and biochemistry such as enzyme activity, oxidative
stress tolerance,  root stress resistance, and plasma membrane function  (Graham
and Rengel, 1993;  Kochian, 1993;  Welch, 1995;  Cakmak, 2000).
Most horticultural crops such as vegetables, woody ornamentals and some
field crops are transplanted from nursery beds into the main-field (Nacimento and
West, 1998; Cabrera and Devereaux, 1999). In horticultural crops, transplanting is
usually driven by the need to  shorten the period of time  from  planting to harvest,
especially  when the time available  in the main  field  to complete the growth3
cycle  of direct-sown crops is too short. This is commonly the case in double- or
triple-cropping systems (NeSmith, 1999). After transplanting, plant growth may
stagnate for an extended period because the damage of root systems, and loss of
fine root tips when seedlings are uprooted from the seedbed, interrupt plant
growth. Several horticultural systems produce seedlings for transplanting by
growing seedlings in small pots or containers to minimise the damage to root
systems during transplanting (Arnold and Young, 1991). However, this present
study  was  focussed on  systems of  crop production  where  root damage  caused
by   transplanting   and especially that caused   by root pruning,   were potential
limiting  factors.
Transplanted crops may need a different  nutrient  supply regime  to direct-
sown crops. Very few studies have examined the specific nutritional problems of
transplanted crops, nor the mechanisms by which transplanted crops recover root
function  for  nutrient  uptake.  Indeed,  the  recovery  of  root  function  will  be
extremely crucial for those species which rely on rhizosphere modification to
stimulate the uptake of elements.  In addition, it will be important for the uptake
of elements which have low plant availability or  low mobility in the soil. Despite
the importance of Zn for plant growth and its low mobility in the   soil, few
studies  has been reported on  the factors  affecting  Zn  status of transplanted
crops especially those where the root system is damaged by root pruning.
1.2.  Zinc in soils
1.2.1.  Geographical distribution of  low zinc soils
Zinc deficiency is recognised as one of the most widespread plant nutrient
disorders  throughout  the world (Brennan et al.,1993). It occurs in both tropical4
and temperate zones and is widespread in the Mediterranean region (Sillanpää and
Vlek, 1985). In the USA, Zn deficiency is found in the western USA, the eastern
regions on calcareous soils, and in the south-east, where it usually occurs on
sandy, well drained, acid soils or  on soils developed  from phosphatic rock parent
materials (Kubota and Alloway, 1972).
The most well documented areas for Zn deficiency in Asia occur in arid
and semi-arid regions of India (Nayyar et al., 1990), in paddy fields of Pakistan
(Rashid and Rafique, 1998), the poorly drained calcareous paddy soils of China,
and the north-central plains of west Java (Sillanpää, 1982). The Philippines have
also recorded shortages of soil Zn affecting production of rice (DeDatta, 1981). In
Australia, Zn deficient soils have been reported widely in South Australia,
Queensland, New South Wales, Victoria and Western Australia (Graham and
Rengel, 1993). Western Australia has the largest  tract of  low Zn  soils  in the
world,  occupying  8 million ha  in the south-west of  the state  where  most of  the
agricultural production is based (Welch et al., 1991).
1.2.2. Zinc forms and behaviour  in soils
 The earth’s crust contains Zn in varying concentrations depending on the
type of the parent materials. Basic volcanic rocks such as basalt and gabbro
contain the highest Zn (70-130 mg kg
-1), and acid volcanic rocks such as granite
and rhyolite contain 50-60 mg kg
-1. Metamorphic rocks such as schists and certain
sedimentary rocks such as clay stone  contain approximately 80 mg kg
-1,  and the
lowest  Zn concentrations are found in  carbonated rocks  (about  20 mg kg
-1) and
sandstone (about 16 mg kg
-1) (Pendias and Pendias, 1984). Thus, the parent5
material is one of the most important factors influencing the Zn concentrations in
the soil.
In soil, Zn is found in relatively high concentration (Sauchelli, 1969), but
only a small amount of the total Zn is exchangeable or soluble. Generally, the
concentration of Zn in the soil varies widely  (between 10 and 300 mg kg
-1) but it
averages    about 70 or 80 mg kg
-1 (Lindsay, 1972; Mengel and Kirkby, 1987;
Barak and Helmke, 1993). According to Kiekens (1995), soil Zn is distributed
amongst three forms:
-   secondary minerals and  insoluble complexes  in the solid phase;
-   adsorbed and exchangeable Zn in the colloidal fraction, composed of clay
particles, humic compounds, Fe and Al hydroxides;
-   free ionic Zn
2+  and organo Zn  complexes in the  soil solution.
During rock weathering, Zn
2+ is released from many primary minerals into
the soil solution (Chesworth, 1991). About one half to one third of the total Zn in
soil is present as sphalerite, and the rest is in clay minerals (Krauskopf, 1972).
Magnesium can be replaced by Zn in soluble complexes and from adsorption sites
on the soil solids, because they have similar ionic radii (Krauskopf, 1972; Leeper,
1978). Research has shown that the total concentration of Zn dissolved in soil
solution is low and about one-half of the dissolved Zn  exists as the free cation
(Kadir and Helmke, 1993). In the soil, Zn forms complexes with organic acids
such as citric, malic and oxalic acids, and Zn also forms complexes with humic
substances such as  fulvic acid, humic acid, and  other forms of dissolved organic
carbon (Barak and Helmke, 1993). These complexes comprise the remainder of
the soil solution Zn.6
Current research has found that for dicotyledons, the free hydrated cationic
form of Zn is the only dissolved form  which is actively assimilated by plant roots,
and that complexed forms of dissolved Zn are possibly active in transporting Zn
from soil to the plant roots (Chaney, 1988).
1.2.3. Zinc sorption and desorption
The sorption and desorption processes appear to be critical  in controlling
Zn concentration   in the soil solution and influence Zn availability to plants
(Sidhu et al., 1977; Pardo and Guadalix, 1996; Srivastava et al., 1999).  Shuman
(1975) concluded that sorption and desorption of soil Zn  depends on  the soil
properties such as soil pH, cation exchange capacity (CEC), and levels of organic
matter, iron and aluminium oxides and manganese oxides.  Effects of these factors
on Zn sorption  are discussed below (section 1 2.4).  Barrow (1993) argues that Zn
sorption in soil can be explained   largely by the reaction between ZnOH
+, and the
charged surfaces of soil colloids, including layer silicate clays, sesquioxides,
manganese oxides and organic matter. According to Bolland et al. (1997),  high
rates of P addition  may increase Zn sorption  on soils  dominated  by variable
change surfaces  by increasing  the net  negative charge  on the surface.
Compared  with the sorption process,  the  desorption process has received
scant attention (Pardo and Guadalix, 1996). The reversal of sorption occurs in
response to a reduction of the Zn solution concentration (Pardo and Guadalix,
1996). Pardo (1999) reported that the amount of Zn desorbed varied  among soil
types, but was not   influenced by P supply. In the Andosols, with mineralogy
dominated by variable charge surfaces, adding P reduced the exchangeability of7
Zn by up to   80 % (Srivastava   et al., 1999).   The desorption of Zn   is   also
negatively correlated  with increased specific  surface area of clay and silt, and
with  increased soil  pH and carbonate contents (Srivastava  et al., 1999).
1.2.4. Factors affecting the forms and  availability of zinc
Plants absorb Zn only from the soil solution, but the labile Zn held on the
solid phase is also potentially available for  desorption into the soil solution  when
Zn concentration  in soil  solution is  depleted  (Lindsay, 1991). The solid phase
has an important role in controlling the release of micronutrients such as Zn in soil
(Pendias and Pendias, 1984), and in buffering the concentration of Zn into soil
solution (Lindsay, 1972). Factors that affecting Zn forms and availability are as
follows :
1.2.4.1. Soil  pH
Several studies have found that soil pH  affects metal sorption in variable
charge soils, because the  degree of protonation of surfaces  affects their  ability to
attract hydrated cations such as Zn (McBride and Blasiak, 1979; Barrow, 1993;
Harter, 1983; Msaky and Calvet, 1990; Pardo and Guadalix, 1996). Pardo and
Guadalix (1996) reported that Zn adsorption occurred at pH values below the
point of zero charge (PZC) of the soil, and Zn adsorption generally decreased
with an increase of ionic strength. As the pH increased above 5.5, the proportion
of Zn adsorbed was increased. About 50 % of the total Zn sorbed was released at
the lower pH, whilst high soil pH enhanced more hydrolysis of Zn
2+ and resulted
in  more adsorption of  Zn  in soil complex (Bar-Yosef, 1979).8
Generally, increases in soil pH above 6.0 decrease the availability of Zn
due to increased sorption by Al and Fe oxides and hydroxides (Prasad and Power,
1997).  In the soil pH range 5.5 to 7.0, the equilibrium solution concentration  of
Zn may decrease 30 to 45 times for each unit  increase in soil pH (Barber, 1984).
However, Lindsey  (1991) stated that the availability of Zn decreases 100-fold for
the increase of each soil pH unit.   Over the same range of soil pH, diffusion
coefficients of Zn in calcareous soils may decrease 50 times relative to  acid soils,
and liming  of acid soils also decreases the diffusion coefficient of Zn. Thus Zn
deficiency is prevalent in the calcareous soil with high soil pH (Moraghan and
Mascagni, 1991). Soil pH is the key factor affecting plant availability of Zn, and
the bioavailability of Zn.
1.2.4.2. Soil organic matter
Zinc availability in soil also depends on   soil organic matter (Shuman,
1985;  Harter, 1991;  Barrow, 1993).  Soil organic matter plays an important role
in  both    the bonding  and sorption of Zn, and it can cause  Zn deficiency  for
plants grown in organic horizons and in some organic soils (Pendias and Pendias,
1984).   However, organic compounds are also involved in the chelation and
mobilization  of metal ions and influence the mineral weathering processes, which
release Zn into the soil solution (Stevenson and Ardakani, 1972; Stevenson, 1991;
Jones, 1998).
High levels of organic matter in soils can be  an important  contribution  to
the total number of metal sorption sites (Stevenson, 1991). In soil, the main
groups of organic compounds that form stable complexes with Zn are: complex9
polymers   including humic and fulvic acid; compounds derived from   micro-
organism including organic acids,  polyphenols, amino acids,  peptides, proteins
and polysaccharides. The most stable organic acids forming chelate complexes
with Zn  ions are dicarboxylic  acids  (Jones, 1998).
Pardo  (2000) indicated that  Zn sorption can be increased or decreased  by
the presence  of organic matter.  Organic ligands may enhance metal sorption by
forming stable surface-metal-ligand complexes  (Shuman, 1995). By contrast, low
levels  of  nitriloacetic  acid  (NTA)  and  other  chelating  agents  such  as
diethylenetriamine pentaacetic acid (DTPA) and cyclohexanediamino tetraacetic
acid (CDTA) reduce sorption significantly and NTA in particular increased the
potentially mobile  Zn  forms in the soil  solution.
Soil organic matter in the soil  is also a factor which  can improve the rate
of Zn  diffusion.  For example by desorption  of Zn  and formation  of soluble
complexes,   it may cause  increases  in  Zn  concentration  release, thus   the rate
of Zn supply   to the root   surface   may   increase ( Sharma and Deb, 1988).
Soluble Zn-organic complexes would increase the soil Zn availability,   but
insoluble   Zn-organic complexes   would decrease   the   soil Zn availability.
Similarly, soil microbial activity could release Zn  from  organic sources  and also
may immobilize Zn (Moraghan and Mascagani, 1991).
1.2.4.3.  Clay minerals
 Krishnasamy et al. (1985) pointed out that Zn retention by the soil clay
fraction was greater  in soil dominated by montmorillonite than those dominated
by kaolinite. Farrah et al. (1980) observed the order of retention of Zn on layer10
silicate clays as montmorillonite > illite  > kaolinite. Cation exchange site in the
inter layer space of smectite clays means that  Zn  exchange tends  to be  higher
than  for kaolinites and  in illites (Barrow, 1993).
1.2.4.4. Interaction with  other  elements
  Much  has been written  about  the effects of  other elements  decreasing
Zn availability to plants.  However,  according to Loneragan and Webb  (1993)
most   of these interactions   are due to effects of other cations on rates of
absorption   by   plant roots   rather   than   to their   effects   on Zn   forms and
availability.   Chaudhry and Loneragan (1972) reported that the macro nutrient
cations such as K, Ca and Mg inhibited the  rate of  Zn absorption by plants  from
solution.  In addition, Loneragan and Webb (1993) reported that the inhibitory
activity of K, Ca and Mg in soil on Zn uptake often appears less important than
the effects of the accompanying anion on soil pH. Kausar et al. (1976) pointed out
that high concentrations of Cu, Fe and Mn in soil solution restrict the uptake of
Zn. The co-precipitation of Zn and P in the soil may cause the formation of an
insoluble Zn3(PO4)2  in the soil, which decreases the Zn concentration  in the soil
solution to deficiency levels (Boawn  et al., 1957; Barrow, 1993). However,
Bolland et al. (1977) pointed out that on soils dominated by variable charge
surfaces, high P supply can increase Zn sorption and therefore account for
decrease of Zn availability  to plants.11
1.3. Zinc in plants
1.3.1.  The functions  of  zinc
The function of Zn in plants and the symptoms of Zn deficiency have been
reviewed by many authors (e.g. Thorne, 1957; Cakmak and Marschner, 1988;
Welch and Norvell, 1993).  Welch and Norvell (1993) reported that Zn is required
to maintain the plasma membrane structure and function  in plant cells, and also
for the uptake and retention of several  elements by roots. Brown et al. (1993)  in
their review concluded  that Zn  has  important morphological, physiological  and
biochemical effects on  plants.  More recently Cakmak (2000)  drew  attention  to
the important role of Zn in protecting tissues from oxidative  stress.
1.3.1.1.   Morphological effects
In dicotyledonous plants, symptoms of Zn deficiency include little leaves,
rosetting or shortened internodes, bronzing, and stunted growth. In oilseed rape,
Zn has been observed to depress leaf number and the size of the leaves (Hedley  et
al., 1982 a,b). Generally, the first morphological effect of Zn deficiency in
dicotyledons appears as interveinal chlorosis of young leaves starting at the tips
and margins of leaves,  followed  by  development of  a typical  irregular mottling
with yellow interveinal  areas (Roberth and Francis, 1983) and finally  stunting of
plants and  depressed dry matter production (Hewitt, 1984). Other symptoms of
Zn deficiency may vary depending on  the plant species and  cultivar (Snowball
and Robson, 1983;  Grundon et al., 1987).
In monocotyledonous plants, Zn deficiency causes short internodes which
results   in stunted plants, and delayed flowering and maturity (Grundon et al.,
1987).  For example, the first symptoms of Zn deficiency in wheat appear on the12
middle-aged leaves, which show a change in colour from healthy green to a
muddy grey-green, followed by small necrotic spots, that  gradually extend  to the
margins. When the deficiency becomes   more severe, the necrotic patches enlarge
and are surrounded  by mottled yellow-green tissue (Snowball and Robson, 1983).
By contrast   in grain sorghum, the first symptoms of Zn deficiency on the
foliage appear on the youngest leaves, as  a pale  yellow chlorosis between  the
margins (Grundon et al., 1987). Usually, Zn deficiency in both monocotyledons
such as corn and dicotyledons such as cotton plants depresses root growth
(Safaya, 1976;  Cakmak and Marschner, 1986 a,b ; Webb, 1987).
Environmental  factors  such  as  low  soil  water  content  and  low  soil
temperature have been reported to increase the expression of Zn deficiency
symptoms (Lindsay, 1972). When the soil water content falls, uptake of Zn
becomes  limited  by  the  reduced  diffusion  rate  of  Zn  to  the  root  surface
(Marschner, 1993), and at low soil temperature the incidence and severity of Zn
deficiency symptoms is enhanced due to  the dual effects of impaired root activity
and reduced Zn transport from root to the shoot (Moraghan and Mascagani, 1991).
Moreover, Cakmak et al. (1995) indicated that high light may also increase the
development of Zn deficiency symptoms.
1.3.1.2. Physiological and biochemical effects
The role Zn in physiological and biochemical processes is broad-ranging
and is associated with metabolism of carbohydrates, proteins, and auxins, the
structural and  functional  integrity of membranes  and  in the protection of cells13
from  damage  by  reactive  oxygen  species  (Römheld  and  Marschner,  1991;
Marschner, 1995; Cakmak, 2000).
a.  Zinc  in enzyme  function
Zinc has been reported to be a constituent  of approximately 300 metallo
enzymes especially those required   for nucleic acids and protein metabolism
(Kastrup  et al., 1996). The involvement of Zn in the activity of such a wide range
of enzymes suggests that the metabolism of carbohydrate, protein, auxin and
reproductive process are generally inhibited under Zn deficiency (Römheld and
Marschner, 1991; Brown et al., 1993). The role of Zn in function of some of the
key enzymes is reviewed below.
Carbonic anhydrase (CA)
Carbonic anhydrase which has been found in both chloroplasts and   in
cytoplasm of plants,  catalyses  the reversible hydration of carbon dioxide :
CO2   +    H2O     HCO3
-   +   H
+
The  activity  of  CA  is  associated  with  photosynthesis  and  sugar
transformation (Marschner, 1995). In the chloroplast of C3 plants, there was no
direct relationship between CA activity and photosynthetic CO2 assimilation or
growth among plants with different Zn nutritional status (Atkin et al., 1972;
Brown et al., 1993).   But CA activity was closely related to the supply of Zn
during  growth  or  to  Zn  content in  plants  with  extreme Zn  deficiency, and
significantly impaired the net  photosynthesis in all plants. It is suggested that low
CA may impair photosynthetic electron transfer, and consequently decrease
chlorophyll  content  (Sharma  et al.,  1982;  Römheld  and  Marschner,  1991).
However, in the C4 plants there is evidence that CA is present in the cytosol of14
mesophyll cells and catalyzes the conversion of CO2 to HCO3
- which   is then
assimilated by PEP carboxylase (Hatch and Burnell, 1990). The CA enzyme
activity in dicotyledons is much higher than the CA from monocotyledons (Tobin,
1970; Sandmann and Bëger, 1983).
Aldolase
Zinc deficiency has been reported to depress the activity of aldolase in
plant tissue: thus it inhibited the conversion of fructose 1-6- diphosphate to its
subsequent compounds (Brown et al., 1993).  Singh and Gangwar (1974) found
that the decline of sucrose synthesis activity in sugarbeet was attributed to Zn
deficiency.  By  contrast,  Sharma  et al.  (1982)  reported  that  Zn  deficiency
increased the concentrations of sugars and starch especially sucrose in leaves
particularly in mature leaves of cabbage. Concentrations of sugars and starch are
sensitive to changes in growth, and hence the confounding influence of the
severity of Zn deficiency on growth may well account for different responses in
sugars and starch to Zn deficiency.
Superoxide dismutase (SOD)
Zinc has important effects on the activities of superoxide dismutase which
occurs in chloroplasts and is produced by all aerobic organisms (Fridovich, 1974;
Cakmak and Marschner, 1993). This enzyme catalyses the removal of the reactive
and destructive superoxide anion O2
- and produces hydrogen peroxide (Fridovich,
1974):
2O2
-   +   2H
+              H2O2   +   O215
Cakmak (2000) stated that the superoxide radical and its derivatives are
unavoidable  products  of  normal  cell  metabolism,  and  their  generation  is
particularly high during electron transport in chloroplasts and mitochondria.
Under  Zn  deficiency,  the  activity  of  SOD  significantly  decreased
(Marschner,1995), and  resupply of Zn to Zn deficient  bean for up to 72 hours
restored the enzyme activity and  protein and chlorophyll  concentrations, to the
level of Zn sufficient  plants (Cakmak and Marschner, 1993).  Recently, Yu and
Rengel (1999) reported that Zn deficient lupin  had  decreased  total  SOD activity
and CuZn-SOD, but  Mn-SOD activity was unchanged.
Obata  et  al.  (1999)  found  that  Zn  deficiency  severely  impaired  the
characterization of proteins  and changed the  peptide  profile of rice meristems
due to the   decrease of CuZn-SOD. Moreover, Cakmak and Marschner (1988,
1993) suggested that the decrease of protein synthesis by Zn deficiency was
caused by the decrease of antioxidative enzyme activities. A zinc-containing
isoenzyme of SOD also plays an important role in the protection of   proteins
against oxidation (Römheld and Marschner, 1991).
b. Zinc in carbohydrate metabolism
Zinc can affect the carbohydrate metabolism at various  levels (Marschner,
1995).  The involvement of Zn in carbohydrate metabolism is related to its effects
on photosynthesis and sugar transformation.  Brown et al. (1993) reported that Zn
deficiency depresses net photosynthesis by 50 to 70 % depending on plant species
and the level of Zn deficiency. The activity of starch synthetase and the number of
starch grains in bean  are also decreased under Zn deficiency (Jyung et al., 1975).
Furthermore, Cakmak et al. (1989) found that re-supply of Zn to Zn deficient bean16
plants caused restoration of phloem loading  of sucrose. Possibly the restoration of
phloem loading of sucrose  by resupply  of Zn can be  attributed to the role of Zn
in the structural integrity of  bio-membranes  (Welch  et  al., 1982).
c.  Zinc  in  protein  metabolism
Zinc is a structural component of the ribosomes and essential for their
structural integrity, and under Zn deficiency the amount of protein synthesized is
significantly reduced (Marschner, 1995; Obata et al., 1999). In fact, the effect of
Zn deficiency on protein synthesis is attributed to a reduction in RNA and
deformation and reduction of ribosomes (Kitagishi and Obata, 1986; Brown et al.,
1993). A high Zn concentration is required by meristematic tissue where cell
division as well as synthesis of nucleic acid and protein is actively taking place
(Kitagishi and Obata, 1986).
d.  Zinc  in membrane integrity
Zinc  has  been  shown  to  have  a  critical  physiological  role  in  the
maintenance of integrity and function of the bio-membranes (Bettger and O’Dell,
1981; Pinton et al., 1994). In addition, Cakmak and Marschner (1988) reported
that Zn has a fundamental role in maintaining membrane stability and protecting
membranes against  oxidative damage, caused by reactive oxygen species. More
recently, Cakmak (2000) concluded that Zn  plays  important roles in the defence
system of  cells  against  reactive oxygen species (ROS),  thus  it has crucial roles
in protecting cells from the damaging  reactions  caused  by  ROS.
In  low  Zn  media,  plasma  membranes  of  yeast  protoplasts  lost  their
stability and became very permeable and  allowed leakage of intercellular  solutes17
(Cakmak  and  Marschner, 1988). Evidence of Zn involvement in membrane
integrity of higher plants has been reported also by Welch et al. (1982) who
showed that there was greater leakage of 
32P from roots of Zn deficient than from
roots of Zn sufficient wheat. They concluded that Zn has a direct effect on cellular
function through its effects on the structural integrity of bio-membranes. Hence
Zn has to be continuously available in the external medium during plant growth.
This membrane effect may be the cause of increased root exudation (net flux) of
K
+, amino acids, sugars and phenolics by Zn deficient plant roots (Cakmak and
Marschner, 1988) (see Table 1.1).
Table 1.1. Effects of Zn status on exudation of low-molecular-weight compounds
by cotton roots during a 6 hr period in solution (Adapted from Cakmak
and Marschner, 1988).
Root Exudates  Treatment
ZnContent
(mg kg
-1 )
Amino Acid
   (mg kg
-1 )
Sugar
(mg kg
-1 )
Phenolic
(mg kg
-1 )
Potassium
(mg g
-1  )
+ Zn
- Zn
258
16
48
165
375
751
117
161
1.68
3.66
Zinc plays an important role in controlling detoxification of reactive
oxygen species which are potentially damaging to membrane lipids (Bettger and
O’Dell, 1981), and sulfhydryl groups (Rengel, 1995). Zinc also plays a key
function in trans-membrane ion fluxes by preventing oxidation of sulfhydryl
groups in proteins involved in ion-channel gating in the plasma membrane.
Therefore, it may alter ion uptake and efflux rates (Kochian, 1993; Welch and
Norvell, 1993).18
Welch and Norvell (1993) found that the number of   — SH groups in
plasma membrane protein of root cells of barley decreased under Zn deficiency.
Re-supply of Zn to Zn deficient wheat for up to 24 hours increased  the level of
— SH groups (Rengel, 1995)
 1.3.2.  Mechanism of  zinc uptake
 Nutrient absorption by plant roots is a dynamic and complex process ,
which depends on ion   concentrations at the root surfaces, root absorption
capacity, and plant demand (Fageria et al., 1991). Generally, nutrients reach the
plant  root  surface  through  three  processes,  mass  flow,  diffusion  and  root
interception (Mengel and Kirkby, 1987; Salisbury and Ross, 1992). Because the
concentration   of Zn in the soil solution  is very low, supply by  mass flow  to the
roots is less important  than diffusion and interception. Barber (1984) and Jungk
(1991) reported that Zn and other  nutrients such as P, K, Cu, Fe, and Mn are
transported  to  the  plant  roots  primarily  by  diffusion  and  root  interception,
therefore   the supply of Zn to the root may not extend beyond   the root hair
cylinder. Roots of non-graminaceous species absorb Zn from the soil solution as a
divalent cation  (Zn
2+), and at high soil pH, Zn is possibly also taken up as a
monovalent (ZnOH)
+ cation (Marschner, 1995).
Initial Zn uptake by plant roots is very rapid due to binding within the root
cell wall, and is followed by slower linear phase of transport across the plasma
membrane  (Veltrup, 1978). Marschner (1995) showed that the movement of Zn
ion  from the  external  solution into the cell wall  is a non-metabolic,  or passive
process and driven by diffusion. After arriving  at the root surface, nutrients move19
into the xylem through various root cells such as the epidermis, cortex and
endodermis, and from xylem,  nutrients  are transported  to  the  growing  organs
in  the shoot  (Roberth  and Francis, 1983; Marschner, 1995).
Bound Zn in the apoplasm comprises a significant proportion of the total
Zn content of roots and failure of some workers to account for this pool of Zn
taken up by roots may account for discrepancies among studies (Kochian, 1993).
Plant species may vary in the cation exchange capacity (CEC) of the cell walls
(Marschner, 1995). The CEC of dicotyledoneous is much higher than that of
monocotyledons species (Marschner, 1995). The amount of Zn bound in the
apoplasm was correlated with the cation exchange capacity of the root (Kochian,
1991).
Very few studies have investigated the mechanisms of Zn uptake into
plant roots. A number of studies showed strong evidence that Zn
2+ transport
across  the  plasmalemma  is  metabolically-controlled  (Rathore  et al.,  1970;
Kochian, 1991). Schmid et al. (1965) have studied the uptake of 
65Zn
2+ from
either 1 or 5 µM ZnCl2 solutions by excised barley roots and found that uptake
was linear over the first 2 hours with 60 %  of the uptake being diffusion into and
binding in the apoplasm, and the rest due to a plasma membrane transport-
mediated process. Furthermore, Giordano et al. (1974) demonstrated that Zn
uptake in intact rice seedlings was severely depressed by the metabolic inhibitor,
DNP suggesting the role of metabolism in Zn
2+ uptake. Kochian (1993) concluded
that Zn transported across the plasma membrane was a thermodynamically20
passive process and the apparent active uptake occurs down an electrochemical
gradient  due to membrane  polarisation .
In Gramineae especially rice, early work showed  that Fe deficiency
stimulated the release of non-protein amino acids called phytosiderophores into
the rhizosphere. Phytosiderophores can effectively chelate Fe
2+ and facilitate its
uptake across the root cell plasma membrane (Takagi, 1976). Later studies by
Zhang et al. (1989, 1991a,b) indicated that phytosiderophores released into the
rhizosphere were not only specific for Fe deficiency, but also responded to Zn
deficiency.  It  was  reported  that  phytosiderophores  were  also  effective  in
solubilizing Zn. They also demonstrated in a similar experiment using 
65Zn
2+ with
wheat plants, that these compounds have the ability to chelate Zn
2+, Cu
2+ and
Mn
2+ (Zhang et al., 1991a). In addition, Treeby et al. (1989) reported that under
Fe deficiency, root exudates of barley can effectively mobilized Zn, Mn, Cu and
Fe from a calcareous soil.   Therefore Crowley et al.(1987) suggested a more
accurate general term for phytosiderophore is phytochelate or  phytometallophore.
1.3.3.  Factors  affecting zinc uptake by plants
Factors   affecting   the uptake of Zn by plants have been well studied. The
main factors which  influence the  Zn uptake   are  briefly described below:
1.3.3.1. Temperature
The uptake of Zn declined   and severe Zn deficiency symptoms developed
as root temperature decreased (Moraghan and Mascagni, 1991). A number of
studies have shown that Zn deficiency in crops such as corn and tomato is
generally more severe under low soil-temperature conditions (Martin et al., 1965;21
Giordano and Mortvedt, 1978). The detrimental effect of  low root temperature
on Zn accumulation by corn  was due to  lowered  Zn  translocation  from  roots to
shoots   (Edwards and Kamprath,1974). In addition, Schmid et al. (1965) have
reported that Zn
2+ transport across the barley root cell plasma membrane was
sensitive to low temperature and dependent on  metabolic energy. Increased root
temperature increased both Zn concentration in the plant and Zn uptake (Martin et
al., 1965). This indicated that the uptake of Zn from soil solution is decreased at
lower soil temperature, in part because low temperature may reduce the root
growth and restrict the  Zn uptake.
Soil temperature may affect Zn uptake indirectly through effects on
seedling development, root growth, and nutrient availability (Wierenga et al.,
1982).  Changes in root growth as a function of soil temperature are characterized
by differences in  root  branching, root length and root dry matter, as well as root
function (McMichael and Burke, 1996, 1998). Generally, root growth tends to
increase with increasing temperature until an optimum temperature range is
achieved and then decreases when the temperature increases further (Singh,
1998).
1.3.3.2.   Soil   water content
As the soil water content falls, diffusion coefficients of Zn in soil sharply
decrease (Marschner, 1993). However, plants do not often show an increased
incidence of  Zn  deficiency in dry soils, even when  subsoil  moisture  is adequate
to support  growth  (Moraghan and Mascagni, 1991). Nambiar (1976) reported
that   significant amounts of 
65Zn
2+ were absorbed even from  dry  soils when the
soil water  potential exceeded -1.5 MPa. Possibly continued Zn uptake by roots22
from dry soil is due to the mucilage permeating the rhizosphere that provide
sufficient water continuity between the fine soil pores and root cells to allow Zn
absorption to occur. Water content has an indirect effect on Zn response through
its impact on general growth and nutrient requirement. Soil water availability may
affect the rate of root elongation and also the absorption of other nutrients by plant
roots (Baver et al., 1972).
1.3.3.3.  Light
  Changes  in  Zn  uptake  during  plant  growth  have  been  related  to
variations  in  light  intensity,  light  quality  and  photoperiod.  Zinc  deficiency
symptoms are often less severe under low light intensity or winter condition
(Moraghan and Mascagni, 1991). Reduced light intensity decreased the severity of
Zn deficiency in subterranean clover (Ozanne, 1955) and in corn (Edwards and
Kamprath, 1974).  In addition, Ozanne (1955) found that under low light intensity
and low soil Zn, root growth was reduced and the uptake ofZn was thus restricted.
Hewitt (1984) suggested that the effect of photoperiod and light intensity on Zn
uptake by plants required further studies. More recently, Cakmak et al. (1995)
reported that Zn deficient plants are highly light sensitive: increases in light
intensity induced chlorosis and necrosis, although Zn concentration in plant
tissues are not significantly influenced by light intensity. Cakmak et al. (1995)
attributed the high incidence of symptoms to the greater oxidative damage to
membranes under high light.
Ozanne (1955)  reported that  subterranean clover grown under long days
(11.8 hours) absorbed more Zn that  those  grown under short days (7.5 hours),
but translocated a smaller amount of  Zn  from roots to shoots. These results could23
be confounded by effects of total radiant energy on dry matter and root to shoot
ratio.
1.3.4.   Zinc  distribution and redistribution
Zinc distribution and redistribution in plants is very dependent on the rates
of Zn supply, plant species and growth stage. However, Zn is variably mobile
within the phloem in plants, hence the distribution and redistribution   patterns are
complex (Longnecker and Robson, 1993).
Zinc concentration in plants varies with the levels of Zn supply, growth
stage,  plant  parts  and  also  leaf  position.  In  Zn-deficient  plants,  the  Zn
concentration in leaves usually ranges between 10 and 15 mg Zn kg
-1 and in
healthy  leaves,  the  Zn  concentration  ranges  from  15  to  100  mg  Zn  kg
-1
(Longnecker and Robson, 1993). At the reproductive stage, the Zn concentration
tends to be higher than at vegetative growth stage with low to adequate Zn supply
(Hocking and Pate, 1978). Plants with sufficient Zn supply generally have similar
Zn concentration in specific leaf blades at different plant ages. However, at
adequate Zn supply there are higher Zn concentrations in growing plant parts than
in mature leaves (Pearson and Rengel, 1994).  For example,  Reuter et al. (1982a)
reported that  maximum  Zn  concentration  was  in the  youngest  folded  leaves
(YFL) of  subterranean clover  and followed by youngest open leaves (YOL). In
Zn-deficient plants, the Zn concentration in the leaf blades generally is higher
than  in  the  petioles,  but  with  increasing  Zn  supply,  the  differences  in  Zn
concentration between blades and petioles disappeared (Riceman and Jones,
1958).24
The distribution of Zn between roots and shoots  is dependent in the Zn
supply.  Reuter (1980) has reported that Zn accumulation in roots of subterranean
clover was greater in plants grown with high Zn supply than in those with low Zn
supply.  With high Zn supply, Zn concentration  are higher within the root cortical
cell walls, but this high Zn concentration in roots  was not matched  by increased
Zn accumulation  in  shoots  (Longnecker and  Robson, 1993). For example, when
soybean plants were grown with an adequate Zn supply, the Zn concentration in
the trifoliate leaves was 92 mg Zn kg
-1 and  that in the roots was 35 mg Zn kg
-1,
but with toxic Zn supply,  the Zn concentration in the trifoliate leaves was 133 mg
Zn kg
-1 and  in the roots was 1335 mg Zn kg
-1 (White et al., 1979). Santa Maria
and Cogliatti (1988) investigated the Zn distribution between  roots and shoots  in
wheat  plants  by  using 
65Zn–labelled  nutrient  solution,  and  found  that  Zn
accumulated in  the wheat roots for the first 2 hours  but after 4 hours, Zn in roots
decreased,  indicating that Zn  had been remobilized and transported to the shoot.
Within the shoot, stems have an important role as a component of the
transport pathway for Zn, and Zn concentration in stems may increase temporarily
after adding Zn (Pearson and Rengel, 1994). Marschner (1995) indicated that
remobilization of   nutrient depends on various factors such as the nutrient status
of the vegetative parts and the nutrient uptake. Seed is the first pool of Zn in plant
which is mobilized to the growing seedlings, and the seed Zn reserves may be
important for early establishment of crops particularly when grown in low Zn soil
(Rengel and Graham, 1995a).  Hocking and Pate (1978)   found that about 80 to
90 % of Zn in cotyledons of lupin was mobilized to seedlings. Riceman and Jones
(1958) have shown that Zn was transported out of the cotyledons of subterranean25
clover in   Zn-adequate plants. The mobilization of Zn was the same between Zn-
deficient and Zn-sufficient pine cotyledons (McGrath and Robson, 1984).
Riceman and Jones (1958) also showed that Zn was remobilized from
unifoliate leaves of subterranean clover in Zn adequate plants. In contrast,
McGrath and Robson (1984) observed that no Zn was redistributed from old
leaves of pine seedlings at any level of Zn supply. In addition, more Zn may be
remobilized from the Zn sufficient plants than Zn deficient plants (Longnecker
and Robson, 1993).  More recent study by Pearson and Rengel (1994) found that
Zn was remobilized from the leaves of wheat especially in the low Zn plants. In
addition, they reported that in Zn-adequate plants, the largest pool of Zn was in
the roots and rapidly remobilized within 14 days after anthesis. Longnecker and
Robson (1993) suggested that Zn was remobilized from the roots through the
xylem, and reported that Zn concentration in xylem sap was 2-6 µM  when supply
with sufficient Zn (0.5 µM in solution) and increased to 15-85  µM with  high Zn
(3-8 µM in  solution).
Zinc retranslocation in plants is variable and depends on the level of Zn
supply, N status of the plant and possibly upon the demand for Zn within the plant
(Pearson  and  Rengel,  1994).  Riceman  and  Jones  (1958)  found  that  Zn
accumulation in reproductive organ of subterranean clover coincided with a
decrease in the Zn   total in leaves and petioles. Presumably, the depletion of Zn in
roots and stems arises from remobilization and re-translocation of Zn to the
developing leaves and   to meet the demand of the grain.
1.3.5.   Soil-root  interface26
The soil-root interface or rhizosphere is the zone of soil surrounding the
roots which is characterized by dynamic changes in chemistry and microbiology
compared to bulk soil (Brown, 1975; Darrah, 1993). Rhizosphere soil differs from
the non-rhizosphere or bulk soil   in the concentration of nutrients, the soil pH, in
the amount of  root exudates,  and  the activities of microorganisms (Dinkelaker et
al., 1993a,b ; Marschner, 1993, 1995 ).
Plant  growth  is  dependent  on  the  availability  of  nutrients  in  the
rhizosphere, which varies in thickness depending on the length of root hairs
(Dinkelaker and Marschner, 1992).  Availability of nutrients in the rhizosphere is
controlled by the soil chemical and physical properties and interactions between
plant roots and adjacent microorganisms in the surrounding soil (Bowen and
Rovira, 1969; Shen et al., 1998).  Rengel (1997) reported that Zn deficient wheat
plants have  a capacity to alter the soil chemical and biological  properties  of the
rhizosphere,  and this can lead to increasing the availability of  critical  Zn.
Growing roots release organic carbon into the rhizosphere in several
forms; low-molecular-weight organic compounds such as organic acids, amino
acids and sugar; high-molecular-weight gelatinous material or mucilage such as
polysaccharides and polygalacturonic acids; and sloughed-off cells and lysate
(Marschner, 1995). Low-molecular-weight compounds especially organic acids
are  the most important  in the mobilization of mineral nutrients in the rhizosphere
(Fox and Comerford, 1990; Jones and Darrah, 1994).  Root-induced changes in
the rhizosphere that may considerably influence the forms and the availability of
nutrients are  discussed  below :
1.3.5.1. Change in rhizosphere pH and redox potential27
Plants can significantly change  the pH of their rhizosphere (Hedley et al.,
1982a,b; Marschner and Römheld, 1983; Darrah, 1993). With decreasing pH, the
availability of Zn is enhanced by desorption   from the soil particles. Availability
of other nutrients including P, Fe, Mn, B and Mo may also respond to rhizosphere
pH, but the relationships are somewhat   more complex than for Zn. As discussed
above (section 1), Zn availability is significantly reduced with increasing soil pH
over  the  range  of  5.5  to  7.0  (Moraghan  and  Mascagni,  1991;  Armour  and
Brennan, 1999). The most important root-induced changes in rhizosphere pH are
suggested to be   the cation/anion   uptake ratio,  the  release of root exudates  and
the evolution of CO2  by  respiration of micro-organisms (Marschner, 1993).  The
degree   of pH change   relative to the   non-rhizosphere soil   depend   on plant
factors  and soil  properties including the initial  pH and  pH buffering capacity
(Marschner and Römheld, 1983; Marschner and Römheld, 1991).
Many investigators  have linked  pH changes  in the rhizosphere  with the
forms of nitrogen supply (e.g. Hedley et al.,1982a; Jones and Darrah, 1993; Wang
and Zabowski, 1998). Ammonium fed plants take up more cations than anions
causing rhizosphere acidification and conversely when nitrate is taken up in
greater quantities than cations, rhizosphere alkalinization can occur (Marschner
and Römheld, 1983; Haynes, 1990).  Many studies showed that the rhizosphere
pH   differs from   non-rhizosphere pH by up to 2 pH units (Riley and Barber,
1971; Hedley et al., 1982a; Dinkelaker et al.,1993a,b; McGrath et al., 1997).
However,  only  few  studies  have  investigated  the  difference  in  nutrient
composition between rhizosphere and non-rhizosphere soil solution (Lorenz et al.,
1994; Wang and Zabowski, 1998).  In soil with high contents of extractable Zn,28
high   ammonium supply   may induce Zn uptake in excess of   Zn demand and
result in growth depression  by Zn toxicity particularly for plants with have high
efficiency in  Zn  acquisition  (Marschner, 1993).
1.3.5.2.  Excretion of organic acids and chelators
 Plant roots exude organic acids especially under nutrient deficiency
(Grinsted  et al., 1982; Grierson and Attiwell, 1989; Hoffland et al., 1989a).
Under phosphorus deficiency, increased excretion of organic acids has been
reported in rape (Hoffland et al., 1989b), in white lupin (Gardner et al., 1983),
and  Banksia integrifolia  (Gierson and Attiwill,  1989). In addition, Dinkelaker et
al. (1989) reported that the proteoid roots of lupin excreted large amounts of
citric acids that caused rhizosphere pH decline, that could have mobilized Zn in
the rhizosphere soils and increased the   availability of Zn .
Plant roots can also excrete chelating compounds under nutrient deficiency
(Lambers et al., 1998). Under Fe deficiency, grasses excrete phytosiderophores
that have an important   role in acquisition of iron (Römheld, 1987). These
compounds  also form stable chelates with Cu, Zn and to lesser extent Mn, and
may  mobilize these nutrients, especially Fe and Zn  from calcareous soils (Table
1.2), and enhance uptake by   plants   (Marschner, 1993). Zhang et al. (1989,
1991b) reported that root-induced changes in the rhizosphere soil of barley and
wheat also occur in response to Zn deficiency and this response might be an
effective mechanism to elicit the mobilization of Zn in the rhizosphere.29
Table1.2.  Effects  of  Zn  supply  to  wheat  plants  on  root  exudates  and  Zn
mobilization from calcareous soils (Adapted from Marschner et al.,
1987).
Root Exudates Zinc mobilization
Zinc supply
(mg kg
-1 root DW 4 h
-1) (mmol kg 
–1 root DW 4 h
-1)
+ Zn
- Zn
370
743
0.4
4.9
1.3.5.3.  Mycorrhizal symbiosis
  Vesicular Arbuscular mycorrhizae (VAM) in roots may enhance Zn uptake
from rhizosphere and non-rhizosphere soil for plant growth   (Chang, 1994;
Marschner  and  Dell,  1994).  The  most  distinct  effects  of  VAM  on  growth
enhancement occur through increasing the supply of mineral nutrients of low
mobility in the soil such as P, Zn and  Cu (Marschner, 1993). Marschner (1995)
reported that many mycorrhizal plants form symbioses with VA mycorrhizal
fungi which  obtain fixed carbon from the host plant, and stimulate nutrient uptake
by proliferating their hyphae to provide a greater   surface area for nutrient
absorption.
In  soils with low extractable Zn  and low Zn mobility such as high pH
soils,  VAM has a large  beneficial effect on Zn uptake by field crops such as corn
(Faber et al., 1990),  and fruit trees  such as peach seedlings (Gilmore, 1971).  The
external hypae of  VAM can absorb  and translocate about 25 %  of the total Zn
uptake in corn   (Faber   et al., 1990).   A few species including those in the
Crucifereae family are non-mycorrhizal (Marschner, 2002) and would have to
rely on other mechanisms to   enhance   acquisition   of Zn. For P acquisition,30
organic acid excretion appears   to be   the main mechanism   for   increased P
uptake in oilseed rape, its significance for Zn uptake remains unknown.
1.3.6. Diagnosis and prognosis of zinc deficiency
Detecting and predicting nutritional disorders such as Zn deficiency in
plants  are  the  first  steps  in  precise  nutrient  management  of  a  crop  before
appropriate corrective treatment can be applied (Brennan et al., 1993). Zinc
deficiency can be determined using soil and plant testing  (Craswell et al., 1987).
Such tests are two main types :
-  Diagnostic tests which  identity the nutritional status of crops at the time
of sampling,
-  Prognosis tests  which  predict the  nutritional status of crops in the future.
1.3.6.1. Diagnosis
Diagnosis of Zn deficiency in the field can be verified by demonstrating
crop responses to Zn fertilizer. Under inadequate supply of Zn, plant growth
suffers due to impaired metabolism and may result in the appearance of visible
symptoms when the deficiency is severe enough (Brown et al., 1993; Grundon et
al., 1997). Detailed systematic keys have been produced for recognizing the
symptoms of nutrient disorders in specific plant species, and distinguishing them
from insect and disease damage (Brennan et al., 1993). The symptoms of Zn
deficiency have been described for a variety of crops (Snowball and Robson,
1986; Grundon et al., 1997).
The diagnosis of nutrient deficiency by plant analysis is based on the
concept  of critical  nutrient concentration. The critical nutrient concentration is31
defined  as the  nutrient concentration that is just adequate  for maximum  growth
or  just deficient for  maximum growth or the  nutrient  concentration  between the
zone of  deficiency and the zone of adequacy  (Ulrich, 1952). The relationship
between   nutrient concentration   and plant growth   can be represented in the
generalized form shown in Figure 1.1.
Plant analysis can be effective for detecting deficiency or toxicity levels of
Zn in plants  (Bell et al., 1990b).  Generally,   young  recently matured leaves are
recommended for   the diagnosis of   Zn deficiency in plants, because   their
nutritional status  better reflects the current Zn status of plants than other plant
Figure 1.1.   Relationship between  plant  growth and nutrient concentration in the
plant for diagnosing or predicting nutrient deficiency  and toxicity.
 A = deficient zone; B = marginal zone; C = adequate zone and D =
toxic zone (Adapted from Smith and Loneragan, 1997).
organs  (Marschner, 1995).  The critical Zn concentration in YFEL of peanut was
8-10 mg Zn kg
–1 dry matter (Bell et al., 1990b)  and was  lower than for clover
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which was 12-14 mg Zn kg
–1 (Reuter et al., 1982a). Reuter et al. (1997) stated
that  the three recently matured leaves or youngest mature leaf (YML) or whole
shoot  are used for  the diagnosis of Zn nutrition in canola. However, Huang et al.
(1995) reported  that  the critical Zn concentration in the youngest mature leaf
(YML) of canola  was 7 – 8 mg Zn kg 
–1 dry matter. In the shoot apex and the
youngest emerged leaf of canola, the critical concentration was 15 mg Zn kg 
–1
dry matter in a study conducted on two alkaline clay soils by Brennan and Bolland
(2002).
Ulrich and Hills (1967) have suggested that sampling has to occur as soon
as the deficiency symptoms appeared rather than waiting until an obvious disorder
is evident or severe yield reduction occurred. Reuter et al. (1997) proposed that
sampling of leaves for diagnosing the nutritional status of plant needs to be
standardised to avoid errors in interpretation of the plant analysis results. Plant
analysis has been developed for diagnosis of Zn deficiency in species such as
sunflower (Blamey  et al.,  1987),  peanut (Bell et al., 1990b), canola (Huang  et
al.,  1995),  and  wheat  (Rengel and Graham, 1995a,b). Examples of critical
concentrations for diagnosis of Zn deficiency in plant parts of canola  are shown
in  Table 1.3.
1.3.6.2. Prognosis
  By  contrast  with  the  diagnostic  tests,  prognostic  tests  predict  the
nutritional  status of  plant at a  later growth stage after the sample was  taken
(Smith, 1986).   The   procedure   for assessing   the   critical   concentration for
prognosis  is  similar  to that  for  diagnosis,  but involves  correlating  nutrient
concentrations with final yield rather than current growth or dry matter  (Brennan33
et al., 1993: Smith and Loneragan, 1997).  The critical  values for prognosis  may
vary with seasonal  conditions which determine  actual  yields  and  soil properties
which determine nutrient supply (Craswell  et al., 1987). Critical values for
prognosis  are more  variable  than for  diagnostic tests (Bell, 1997),  and  usually,
the critical  value for prognosis  of nutrient deficiency is higher than  the value for
diagnosis (Craswell et al., 1987). Several factors such as plant part, plant age, soil
type and growing season may influence the critical concentration for prognosis
(Lewis,  1992).
Table 1.3.  The critical Zn concentrations (mg Zn kg
-1 dry matter) for diagnosing
of  Zn deficiency in  canola (Adapted from Rashid et al., 1994).
Growth
stage
Plant
parts
a
Critical
concentration
Sources
22 days
39 days
39 days
<  30 cm
Flowering
Maturity
YOL
YOL + 1
YOL + 2
WS
YML
Seed
15 – 17
9 – 10
7 -8
29
33
29
Huang  et al.,1995
Huang  et al.,1995
Huang  et al.,1995
Reuter et al., 1997
Reuter et al., 1997
Reuter et al., 1997
a WS  = whole shoot       FL = flowering
YOL = youngest open leaf YML= youngest mature leaf
In field experiments, Riley et al. (1992) have reported that for prognosis of
Zn deficiencies in wheat, Zn concentration  in the YEB  were < 16.5 mg Zn kg
-1 at
the early tillering stage, and < 7.0 mg Zn kg
-1 at milk ripe stage. The decline in34
critical Zn levels with plant age supports the views of Dow and Roberts (1982)
who suggested  that the accuracy of prediction can be improved  by  collecting
plant  samples at a specific  growth  stage.
Soil analysis is an extremely useful prognostic tool for assessing nutrient
deficiency as well as toxicity (Snowball and Robson, 1986). Soil testing for Zn
has been found to be useful in estimating the quality of soil for supporting  plant
growth and development, and to identify  nutritional problems in plant, and also to
assess  the  amount  of  fertilizer  requirements  for  plant  growth  (Armour  and
Brennan, 1999;  McLaughlin  et al., 1999).
Several  methods have been used for estimating the plant available Zn, and
the  critical values for the  different  soil types  and  certain  field crops  have been
established (Table 1.4).   Various extractants have been used for determining
available Zn including water, neutral salt solutions, inorganic  acids and  chelating
agents such as  DTPA, EDTA and dithizone buffered to various pH values (Sims
and Johnson, 1991; Armour and Brennan, 1999).
There is  no universal method for predicting Zn  response  of all crops and
on all soils  to Zn application. However, the chelate DTPA is the most widely
used in  practice perhaps  because the pH of  extracting  solution is controlled
precisely (Rayment and Higginson, 1992; Armour and Brennan, 1999).
Soil  tests  are  empirical  and  therefore  useful  only  if  the  nutrient
concentration  extracted  by the  test  is  correlated with the  plant  response (Table
1.4).  Several studies have examined  correlation between crop field and soil test
values for   different extractants for Zn   (Armour et al., 1990;  Armour  and35
Brennan, 1999). They found that amounts of Zn extracted vary greatly among
extractants, therefore the critical   values for prognosis also vary for different
extractants.
Table 1.4.  Critical levels of Zn in soil for several crops and soil types in Australia
from pot and field experiments (Adapted from Armour et al., 1990).
Test crop Extractant Soil
Description
Derived from Critical limit
(mg kg
-1)
Barley
Peas
Sugarcane
Sugarcane-
ratoon crop
Beans
DTPA
DTPA
DTPA
0.1 M HCl
DTPA
Sandy loam,
Sand
Various
Brown
Kandosol
Brown
Kandosol
Sand to clay
Field
Field
Field
Field
Pot
0.41
0.48
0.10
0.20
0.50
As the ability of a soil test to extract plant available Zn may vary among
soil types, the critical values for soil tests may be limited to particular soil types.
Lewis (1992) found that the critical Zn levels on black clay and peat soil for
subterranean clover were double those of sandy loam soils. Brennan and Gartrell
(1990) found that a critical DTPA concentration for subterranean clover of 0.13
mg Zn kg
-1 when grown in a sandy soil and 0.55 mg Zn kg
-1 for a clay soil. Plant
species and cultivars may differ greatly in their capacity to absorb nutrient from
the same soil; as a result, the critical soil tests level may be limited to the
particular cultivar for which it was developed. Alternatively, Brennan and Gartrell36
(1990)  develop  a  regression  relationship  for  predicting  response  to  Zn  by
inclusion of soil pH (H2O), and  % clay in the equation with extractable soil Zn.
Soil tests should ideally reflect both the initial concentration of the nutrient
in solution (intensity factor, I) and the ability of soil to replenish the soil solution
(quantity factor, Q) (Tiller and Wassermann, 1973). McLaughlin et al. (1999)
estimated that intensity is the best predictor of Zn concentration and Zn uptake in
wheat and clover plants in Australian soils. Moreover, they reported extraction
with 1 M MgCl2, 0.05 M Ca(NO3)2  and 0.05 M CaCl2 were closely correlated
with  Zn uptake and Zn concentration in  plants. Armour et al. (1990) showed that
estimates of Zn intensity by  extracting Zn with 0.002 M CaCl2 and 0.01 M CaCl2
and the quantity extracted  with  HCl, EDTA and DTPA  were all well correlated
with the Zn content in navy beans. Chelating agents such as EDTA and DTPA
have been  used for  estimating  the micronutrient  status in the soil (Stuart et al.,
1991a,b). In the USA, ammonium bicarbonate-DTPA tests has been used as a
universal extractant to predict Zn, Fe, Cu, Mn and B  response (Mehlich, 1984;
Soltanpour, 1991).
1.4. Transplanted crops
Transplanting is a technique that removes a plant from one place to
another: it causes  varying degrees of root  injury from none to substantial levels.
Transplanting  is  commonly  used  for establishing crops, and  is practiced  for a
wide range of species including vegetables,  ornamentals,  plantation trees, fruits
trees and field crops such as cotton (Melton and Dufault, 1991; Frantz et al.,37
1998),   and  oilseed rape in China  (Hu  et al., 1996), and tobacco in  the south-
eastern United States (Thomas, 1993).
Raising oilseed rape seedlings in nursery beds is the common practice for
establishing winter rape in China (Hu et al., 1996). Seedlings are transplanted into
rain-fed fields during the end of autumn when the temperature is decreasing and
rainfall  is  variable  (Hu  et al.,  1996).  Generally,  oilseed  rape  seedlings  are
transplanted  at the  4 to 7- leaf stages.
1.4.1. Physiology of transplanted crops
After transplanting, plant growth may stagnate for an extended period
especially when the plant suffers from root damage when uprooted from the
nursery bed, and it may limit the ability of plants to absorb water and nutrients for
a period of time  (Kramer, 1983; Melton and Dufault, 1991). During uprooting
oilseed rape from the nursery bed, many if not most roots are broken, and the
proportional root removal is estimated to be about 50 % or less. Hence significant
increases in the shoot : root ratio are produced in seedlings used for  transplanting
(Hu et al., 1996). Sands (1984) pointed out that there are three possible reasons
for transplanting stresses including; loss of fine roots on lifting, desiccation during
storage and poor contact between roots and soil after transplanting. Nambiar et al.
(1979) suggested that the recovery from transplanting is in direct proportion to the
rate of new root growth.
Roots play important roles in plant growth and development, through
anchoring the plant  and absorbing water and nutrients  from the soil (Mengel and
Kirkby, 1987). Despite their importance,  relatively  few studies  have focussed on38
the  root  growth,  development  and  functioning  in  determining  plant  growth
(Drew, 1988), for transplanted  crops that suffer from  root stress, when  uprooted
from the nursery bed.
After transplanting, the seedlings may become severely water stressed. For
the full recovery of root function, pine seedlings required up to 150 days (Sands,
1984). Transplanted oilseed rape may take up to 14 days for the recovery from the
initial stress, when it suggested that new root growth coincides with the new leaf
emergence (Hu et al., 1996). Thereafter, between 4-8 weeks after transplanting,
plant had fully recovered from the transplanting stress, at which time they had 6-8
green leaves (Hu et al., 1996).
Abbas Al-Ani and Hay (1983) indicated that root growth is significantly
influenced  by  the  changes  in  soil  temperature.  Moreover,  changes  in  root
morphology, as well as root function and metabolism, may be induced by soil
temperature. These changes are usually characterized by differences in root
length, dry mass and root branching (McMichael and Burke, 1998). Thus, root
growth and development of crops after transplanting will be particularly sensitive
to soil temperature.  The relationship between root growth and root functioning is
generally expressed as the shoot : root ratio, which changes  during ontogenesis
and is modified by environmental factors (Brouwer, 1977; Bowen, 1991).  Several
studies  have  reported  on  the  importance  of  conditioning  seedlings  before
transplanting stress to initiate  new root  growth in order to  hasten the recovery of
root function. Some root tips are lost when seedlings are lifted from the nursery
bed.  When  seedlings  are  transferred  to  the  soil,  they  usually  encounter  a
mechanical impedance from soil, which may cause the seedlings  to become  more39
stressed  compared to when seedlings transferred to solution culture.  However,
plant roots exude a mucigel which adheres to soil particles adjacent to the roots,
and it can maintain the contact between root and soil when roots grow through
soil (Jungk, 1991; Marschner, 1995). It is not known how long it would take for a
transplanted root system to re-establish good contact with the soil by exudation of
mucigel.
By contrast with the effects of the loss of root tips at transplanting,
Brouwer (1977) has shown that the excision of 40 % of the roots of established
plants had no effect on transpiration rate. In addition by using established oat
plants, he found that 50 % of the roots could be removed before transpiration was
reduced. Clearly, the quantity of roots in established plants under well-watered
conditions can exceed that required to satisfy the transpiration demands. Another
investigator, Humphries (1958) reported that excision of up to 50 % of the roots
of established barley and rye did not affect the relative growth rate of root which
were the same as the intact  plants. By contrast, other research has shown that root
removal induced water stress in cotton (Carmi and Heuer, 1993). Geisler and
Ferree (1984) reported that root pruning reduced vegetative growth in apple trees.
Moreover, they found that the physiological response to root pruning was reduced
photosynthesis and transpiration rates during the following 10-day period, and
also reduced nutrients  uptake, such as P.
1.4.2.  Nutrition of transplanted crops
The damage of   the root system at transplanting can reduce the ability of
plant roots to absorb water and nutrients (Kramer, 1983). Thus, transplanted40
seedlings may encounter temporary nutrient deficiencies that are not experienced
by direct-seeded crops. However, few definitive studies have reported the precise
nutritional consequences of transplanting seedlings (Vavrina et al., 1998;   Van
Iersel  et al., 1998).
Growth of transplanted crops is influenced by the nutrition of the plants
both in pre- and post-transplant periods (Dufault, 1986). Most studies were
focused on the importance of macronutrients to support the plant growth after
transplanting. For example Melton and Dufault (1991) reported that adequate
supply of N, P, and K was necessary for post-transplanting growth in order to
obtain good quality seedlings.  They found that N, was the major factor affecting
tomato seedlings growth after transplanting. Phosphorus and K fertilizers also
increased the shoot growth   and produced higher shoot dry matter yield of pepper
and broccoli after transplanting (Tremblay  et al., 1987).
Increasing N and K rates from 10 to 250 mg L
-1 at transplanting increased
post-transplanting  shoot growth of muskmelon, and increasing P  rates from 5 to
25 mg L
-1 increased shoot and root dry weights   (Dufault, 1986). By contrast,
Melton and Dufault (1991) reported that K did not influence any of the growth
parameters of tomato. Cabrera and Devereaux (1999) pointed out that plant
nutrient status in the nursery has a crucial role on post-transplant growth. They
found that intensive nutrient management in the nursery primarily promoted the
viability  of  seedlings  at  post-transplanting.  Similarly,  Bouma  and  Dowling
(1966a,b) in a series of experiments with subterranean clover showed that the N,
P, S, Ca and B status of seedlings before transplanting had a significant effect on
their post-transplanting growth, and the differences were detectable in reduced41
leaf area within 2 days. However, the role of other nutrients such as Zn that could
be important for post-transplant growth has not been reported.
1.4.3. Zinc requirement of transplanted crops
Numerous studies have examined the response of oilseed rape to fertilizers
but few have examined the external nutrient requirements in soil (Holmes, 1980).
The critical external requirements for nutrients may differ among species. The
external nutrient requirement of oilseed rape for example was described by Grant
and Bailey (1997), but this report was concerned mostly with the requirements for
nitrogen, phosphorus, potassium and sulphur.
Micronutrient requirements have received scant attention, particularly Zn
(Grant and Bailey, 1997.  It has been reported that there are several micronutrient
deficiencies for oilseed rape (sometimes also referred to hereafter as canola which
is the name used in Australia and Canada for oilseed rape cultivars with low
erucic acid and low glucosinolate levels in seeds) in Australia including, Zn, Mo,
Mn and B. Hocking et al. (1999) concluded that oilseed rape has a high demand
for Zn, especially when grown in alkaline soils high in carbonates, therefore
further research is required to understand factors affecting the Zn requirement of
canola. Brennan and Bolland (2002) examined the response of canola to Zn
fertiliser in a pot experiment on two alkaline clay soils from south west Australia
and found that canola was 30 % more effective in using fertiliser Zn that wheat on
the same soils.
In China, Zn deficiency is a common problem for oilseed rape production
especially when rotated with rice (Hu et al., 1996).  By using 7 rates of ZnSO442
from 0 to 45 kg ha
-1, they found that 3 to 15 kg ZnSO4 ha
-1 was sufficient to
obtain the maximum yield in transplanted oilseed rape. Zinc application to the soil
at transplanting increased yield of oilseed rape by 10 %. In Canada, it was
reported that the Zn requirement for canola was higher than for barley (Grant and
Bailey, 1993). However, there were no details provided about the external Zn
requirement for canola in Canada.
Recent research in China suggested that transplanted oilseed rape was
sensitive to Zn deficiency immediately after transplanting or before the full
recovery of the root system occurs (Hu et al., 1996).  The response of transplanted
oilseed rape seedlings to Zn fertilization was strongest in the early phase of post-
transplanting growth and weakened as the plants recovered from transplanting
(Hu et al., 1996). The rapid recovery of seedlings is considered to be a pre-
requisite  for  successful  growth  of  the  transplanted  plants  in  the  main-field
(Momoh and Zhou, 1991).
1.5. Introduction to the present study
  The  present  study  was  a  contribution  towards  determining  whether
transplanting increases external Zn requirement of transplanted oilseed rape. The
approach adapted was to investigate the role of Zn in the recovery of root
function, root growth and Zn uptake by root following transplanting. Soil culture
and solution culture were used throughout these studies to examine external Zn
requirements of transplanted and direct-sown oilseed rape. In soil, rhizosphere
effects are expressed, whereas in well stirred chelate buffered solution culture
they are not.  In addition, solution culture eliminates the problem of poor soil-root43
contact that can occur in transplanted seedlings in soil: poor soil contact root
contact confounds the effects of transplanting per se, and root pruning on plant
response  to Zn.
The aims of the   study are to:
a.  investigate whether transplanting increases external  Zn requirement of oilseed
rape.
b.  examine the mechanisms  of the recovery of root function, growth  and Zn
uptake  after transplanting, including  rhizosphere  modification capacity  by
plant roots  following transplanting.
c.   explore the relative effects of root pruning and transplanting on Zn  responses
of oilseed rape.
d.  determine the external and internal Zn requirements of transplanted oilseed
rape for  diagnosing and predicting  Zn  deficiency at different growth stages.44CHAPTER 246
CHAPTER  2
EFFECT OF  TRANSPLANTING AND  ROOT  PRUNING ON EXTERNAL
ZINC REQUIREMENTS OF OILSEED RAPE  (Brassica napus  L.)
2.1. Abstract
  Field  and  glasshouse  experiments  by  earlier  workers  suggested  that
transplanted oilseed rape was especially sensitive to zinc (Zn) deficiency in the
recovery period following transplanting. The present experiment was carried out
to test the hypothesis that the external requirement for Zn in transplanted oilseed
rape was higher than that for direct-sown plants. The plants were treated with
seven levels of Zn supply (as ZnSO4.7H2O): 10, 30, 50, 70, 90, 180 and 360 µg
Zn kg
-1 air dry soil, respectively. The plants were harvested at 7 and 10-leaf stages
corresponding to 42 and 60 days after sowing for direct-sown, and 21 and 38 days
after transplanting for transplanted plants. Transplanted plants were transplanted
to treated pots at 4-leaf stage.
Different responses of root growth to Zn supply were observed in the
transplanted plants, compared to the direct-sown. The maximum root length of
direct-sown plants was reached at 90 µg Zn kg 
-1 at 7-leaf stage and 70 µg Zn kg
-1
air dried soil at 10-leaf stage. By contrast, for transplanted plants the maximum
root length required more that 360 µg Zn kg
-1 the highest level of Zn supply. The
maximum root dry weight also required much higher external Zn for transplanted
oilseed rape than for direct-sown plants. However, the transplanted and the direct-
sown plants had similar external Zn requirements for shoot dry weight. The
transplanting induced increase in external Zn requirements for root growth tended47
to diminish after the immediate post-transplanting period after root recovery
occurred in the transplanted plants. These results suggest that transplanted oilseed
rape initially required higher external Zn for root growth than that of direct-sown
plants.  However,  the  design  of  the  present  experiment  did  not  permit  the
separation of transplanting effects per se from effects of root pruning. Possible
factors contributing to the enhanced Zn external requirements in the transplanted
plants may include the loss of fine roots due to root breakage and reduced root to
soil contact, which are explored in Chapters 3 and   6.
2.2. Introduction
Transplanting  is  commonly  used  for  establishing  horticultural  crops
especially vegetables (Jeavons, 1982; Van Iersel, 1999) and agricultural crops
such as oilseed rape in intensive cropping systems of developing countries (Hu et
al., 1996). The purpose of transplanting oilseed rape and that of many other crops
is to decrease the length of time for plant growth in the field, so that the growing
season  can  accommodate  two  or  more  production  crops  per  year.  Other
advantages of using transplants are to enhance the rapid stand establishment, to
increase the crop uniformity and to enhance the earliness of crop productivity
(NeSmith, 1994).
Many horticultural systems produce plants in pots or containers in order to
avoid uprooting plants during transplanting (Arnold and Young, 1991). However,
in intensive farming system where there are multiple crops and limited arable
land, plants are usually raised in seedbeds and transplanted into main production
fields when they are recovered for transplanting simply by uprooting. Any48
negative impacts on the post-transplanting growth of such plants cannot be
attributed solely to transplanting per se. When plants are uprooted from a nursery
seedling bed, uprooting may cause root damage varying from none to substantial
levels. Root damage caused by uprooting and transplanting may interrupt plant
growth and induce specific nutritional problems that are not found in direct -sown
crops (NeSmith, 1999). In these plants, effects of transplanting can be attributed in
part to transplanting per se, and in part to direct loss of roots or other root damage.
Sands (1984) reported that transplanting stress occurred in pine plants,
because of loss of fine roots and root tips. The loss of root tips will limit the
ability of plants to absorb nutrients from the soil at least until a recovery of root
function is complete. However, even after root function is fully restored, the initial
inhibition of growth may have persistent effects on growth and yield potential.
In general, root pruning was found to suppress vegetative growth in a
number of plant species (Alexander and Maggs, 1971; Geisler and Ferree, 1984).
Nevertheless, in some cases, root pruning stimulated root growth  (Arnold and
Young, 1991). The variation in response to root pruning may be due to the
differences in the proportion of the roots removed by pruning the nutrients status
of pruned plants and the plant species studied. Bell et al. (2004) indicated that
pruning of 75 % of the roots of oilseed rape strongly suppressed Zn uptake
between 10-20 days after transplanting, but at 40 days after transplanting 75 %
root pruning had no remaining effects on shoot Zn content relative to that of
plants with unpruned roots.  However, in the field, transplanted oilseed rape plants
appear to be sensitive to low Zn supply during the immediate post-transplanting
phase, and the growth response to Zn fertilization application is strong in the early49
phase of post- transplanting growth, becoming weaker when the plants recovered
from root injury (Hu et al., 1996). As a result, it is hypothesis that transplanted
plants  have  a  higher  external  Zn  requirement  for  growth  during  the  post
transplanting phase than the direct-sown plants.
Glasshouse experiments were carried out to compare the growth responses
and Zn requirements in the transplanted and the direct-sown plants, in particular,
root growth and functions. The oilseed rape cultivar  cv. Hyola 42 was used in the
present investigation. 
2.3. Materials and methods
2.3.1. Zinc treatment
Two pot experiments were conducted concurrently with direct-sown and
transplanted plants, respectively. Oil seed rape plants were treated with seven
levels of zinc (as Zn SO4, 7H2O): 10, 30, 50, 70, 90, 180, and 360 µg Zn kg
-1 air
dry soil, respectively. Each treatment consisted of six replications. Pots were
arranged in a randomized complete block design.
2.3.2.  Plant culture
Low Zn soil was collected at 0 - 20 cm depth from Lancelin, Western
Australia  (Huang  et al., 1995). The soil was air-dried and sieved through a
stainless steel screen (4 x 4 mm mesh) and mixed thoroughly. Each plastic pot
lined  with  polythene  bags  contained  4.5  kg  sieved  soil.  Before  sowing,
representative  soil  samples  were  collected  and  analysed  for  the  chemical
properties (Appendix 2.1).50
All pots were supplied with basal fertilizers at the rates (mg kg
-1 air dried
soil): K2SO4, 174; CaCl2.2H2O, 98; NH4NO3, 93; KH2PO4, 90.7; MgSO4.7H2O,
24.6; MnSO4.7H2O, 8.5; CuSO4.5H2O, 1.3; H3BO3, 0.85 and Na2MoO4.2H2O, 0.4
mg kg
-1 soil (Huang et al., 1995). Only analytical grade chemicals were used.
Macronutrient salts were purified to remove residual zinc by complexing with
dithiozone in chloroform at pH 6.5 - 7.5 (Hewitt, 1966). Triple deionized (TDI-
H2O) water was used for making nutrient solutions. The nutrient solutions were
added to the soils and after drying, the soils were thoroughly mixed  by shaking
for a minute.
For the direct-sown experiment, oilseed rape seeds cv. Hyola 42 were
sown directly in the soil at eight seeds per pot. Plants were thinned to six plants
per pot at 7 days after sowing (DAS). During the experimental period, plants were
supplemented  with  (mg  pot
-1):  280  NH4NO3  on  15  DAS  and  every  week
thereafter; 272 KH2PO4 and 174 K2SO4 on 30 DAS and watered daily by weight
to field capacity with double deionized (DDI-H2O) water.
For the transplanting experiment, oilseed rape seeds were sown in a 10 cm
deep seedbed containing Lancelin sand. Thirty µg Zn kg
-1 soil was supplied to the
seedbed soil to provide a starter Zn supply for seedling germination and growth.
Complete basal nutrients were added at the same rates as for the direct-sown
experiment and thoroughly mixed in the soil. Eight plants were transplanted into
each of the pots containing the specified Zn treatments on 34 days after sowing,
when they had four leaves. The young plants in the nursery bed were lifted gently
and 50 % of the root mass was removed by cutting from the tips to simulate levels
of transplanting root damage observed in the field (Hu et al., 1996). After 7 days,51
the number of plants was thinned to six plants per pot, which were harvested on
21 and 38 days after transplanting (DAT), respectively. Root zone temperature
was maintained at 20-22 
0C throughout the experimental period.
2.3.3. Harvest procedure
For the direct-sown and transplanting experiments, plants were harvested
at the same physiological stage: 7- and 10-leaf stages, for dry matter. At each
harvest the plants were cut at cotyledon level and separated into shoots and roots
for fresh and dry matter determination. The shoots were rinsed with three changes
of DDI water to minimize the possibility of Zn contamination. Youngest mature
leaves (YML = youngest open leaf +2) as defined by Huang et al. (1995) were
sampled for determining the Zn concentration.
Roots were washed free of soil under running tap water and running de-
ionised water, rinsed in three changes of DDI and gently blotted dry with white
tissue paper. Aliquots of fresh roots (about 1 g per pot) were sub-sampled for
measuring the root length with the Comair root length scanner (Newman, 1966).
The plant samples for dry matter determination and chemical analysis were
dried at 65 - 70 
0C for 48 hours or until constant weight was achieved.
2.3.4. Plant and soil analysis
The oven-dried plant samples were milled in a stainless steel grinder and
digested in concentrated nitric acid at 135-140 
OC for Zn determination by using
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) (Zarcinas
et al., 1987). Certified reference plant materials supplied by the Australian Plant
and Soil Analysis Council were included with each batch of samples to test the52
accuracy and precision of analyses.  Available Zn in the soils of the Zn treatments
was extracted using DTPA (diethylene triamine pentaacetic acid) (Rayment and
Higginson, 1992), and Zn concentration in the extract solution were quantified by
ICP-OES. Soil pH on bulk samples collected at harvest was estimated according
to Rayment and Higginson (1992).
2.3.5. Data analysis
All treatments were arranged in a randomized complete block design with
three replicates for each harvest time. The results were analyzed by the analysis of
variance techniques using the Super Anova program (Abacus Concepts USA).
The differences between means were compared with Fisher’s Protected Least
Significant Differences (LSD) at the 5 % level of probability. The critical internal
Zn concentration in the YML and the critical DTPA-extractable Zn level in the
soil corresponding to 90 % of maximum shoot and root dry matter were estimated.
The Mitscherlich model was used to determine the relationships between shoot or
root dry matter and Zn concentrations in YML or DTPA-extractable Zn level in
the soil (Ware et al., 1982):
Y   =   β (1 –  γe 
-αx)
Where Y =  plant yield at plant tissue concentration, x
α,  β , γ =  parameters to be estimated.
The relative growth rates (RGR) were calculated according to Asher and
Loneragan (1966). Mean rates of Zn absorption rate (ZAR) per unit root weight
were calculated by using the formula of Williams (1948), but were expressed on a
fresh weight basis (Loneragan and Snowball, 1969), because this gives a better53
approximation  to  the  absorbing  surface  (Loneragan  and  Asher,  1967).  The
equation   is as follows:
€ 
˜  v =
lnWR2−ln WR1 ( ) M2 −M1 ( )
t2−t1 ( ) WR2 −WR1 ( )
where  : WR1 and WR2  are root fresh  weight  at t1 and t2
  M1 and M2 are nutrient contents of the plant at t1 and t2.
2.4. Results
2.4.1. Growth and symptom development
Visible symptoms of Zn deficiency first appeared in direct-sown rape at 7
DAS when the younger leaves were slightly pale in colour. The youngest leaves.
progressively developed a purple/copper colour (Plate 2.1a), while older leaves
developed brown spots (Plate 2.1b). These symptoms were observed first in the
plants supplied with 10 µg Zn kg 
-1 soil. At 10 DAS, similar foliar symptoms also
appeared in the plants supplied with 30 µg Zn kg
-1 soil.  At 15 DAS, the plants at
30 µg Zn kg
-1 soil were stunted with shortened internodes and small young leaves,
and older leaves became thickened and chlorotic (Plate 2.2 a and b). Plant
supplied with 50 µg Zn or more kg
–1 soil appeared normal, without the deficiency
symptoms described above.54
 
   
Plate 2.1.   Direct-sown oilseed rape cv. Hyola 42 plant grown with a low Zn
supply  for  15  days:  (a)  purpling  pigmentation  developed  in  the
youngest leaf ; (b) brown spots developed  in the older leaves and leaf
tips developed necrotic patches.
a55
Plate  2.2. Symptoms of Zn deficiency in oilseed rape cv. Hyola 42 grown for 15 days with
10 µg Zn kg
-1 soil: (a) Younger leaf displaying chlorosis and the development of light brown
spots; (b) Older leaves displaying discolouration at the margins and between the main  veins.
a
bFor  transplanted  plants  (from  a  low Zn  seedbed),  the  symptoms  above 
were not observed at all in any Zn treatments at the early growth or 7-leaf stage, 
suggesting that shoots of transplanted plants had adequate zinc from the seedbed.  
However, at 10-leaf stage, transplanted plants in pots supplied with 10, 30 and 50 
µg  Zn  kg 
-1  air  dried  soil,  showed  Zn  deficiency  symptoms  similar  to  those 
exhibited  by  direct-sown  plants.  No  visible  symptoms  of  Zn  deficiency  were 
evident on transplanted plants supplied with ≥ 70 µg Zn kg
-1 but plant dry matter 
was depressed compared to the direct-sown. 
2.4.2. Root  and shoot dry matter production 
Root and shoot dry matter production in both direct-sown and transplanted 
plants responded strongly to increasing external Zn supply. By fitting the fitted 
Mitscherlich  equation,  the  critical  external  Zn  concentration  for  90  %  of 
maximum root growth of direct-sown plants was 90 µg Zn kg
-1 soil at 7–leaf stage 
(Figure 2.1a) and 107 µg Zn kg
-1 soil at 10-leaf stage  (Figure 2.2a). By contrast, 
the critical external Zn concentration for root growth of transplanted plants was 
240 µg Zn kg
-1 soil at 7-leaf stage (Figure 2.1b), and decreased to 114 µg Zn kg
-1 
soil at 10-leaf stage (Figure 2.2b). 
Soil Zn application increased shoot dry matter of both direct-sown and 
transplanted  plants,  although  the  increase  of  shoot  dry  matter  for  transplanted 
plants was not as great as for direct-sown. Increasing Zn supply increased shoot 
dry weight by 72 % at 7-leaf stage and 56 % at 10-leaf stage in direct-sown plants, 
whereas in transplanted plants the increase of shoot dry weight was by 30 and 48 
% at 7- and 10-leaf stages, respectively.    57 
 
 
 
 
 
 
Figure 2.1.  Effect of Zn supply on root dry matter of direct-sown and transplanted  
plants at 7-leaf stages The critical value at 90 % of maximum root dry 
matter was 90 µg Zn kg
-1 soil (a) and 240 µg Zn kg
-1 soil (b). The 
fitted Mitscherlich equations were as follows: 
(a): Y = 0.35 - 0.46e 
(-0.03x) , R
2 = 0.88 
(b): Y = 0.10 - 0.07e 
(-0.01x) , R
2 = 0.90   58 
 
 
 
 
 
Figure 2.2.  Effect of Zn supply on root dry matter of direct-sown and transplanted 
plants at 10-leaf stage. The critical value at 90 % of maximum root 
dry matter was 107 µg Zn kg
-1 soil  (c) and 114 µg Zn kg
-1 soil (d). 
The fitted Mitscherlich equations were as follows: 
(c): Y = 0.92 - 1.07e 
(-0.02x)  , R
2 = 0.89 
(d): Y = 0.44 - 0.40e 
(-0.02x)  , R
2 = 0.83 
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Figure  2.3.  Effect  of  Zn  supply  on  shoot  dry  matter  of  direct-sown  and 
transplanted  plants  at  7-leaf  stage.  The  critical  value  at  90  %  of 
maximum shoot dry matter was 70 µg Zn kg
-1 soil (a) and 80 µg Zn 
kg
-1 soil (b). The fitted Mitscherlich equations were as follows: 
  (a): Y = 2.12 - 2.28e 
(-0.03x) , R
2 = 0.87 
  (b): Y = 1.33 - 0.61e 
(-0.05x) , R
2 = 0.76   60 
 
 
 
 
 
 
Figure  2.4.  Effect  of  Zn  supply  on  shoot  dry  matter  of  direct-sown  and 
transplanted plants at 10-leaf stage. The critical value at 90 % of 
maximum shoot dry matter was 107 µg Zn kg
-1 soil (c) and 110 µg 
Zn kg
-1 soil (d). The fitted Mitscherlich equations were as follows 
(c): Y = 0.92 - 1.07e 
(-0.02x) , R
2 = 0.85 
(d): Y = 0.44 - 0.40e 
(-0.02x) , R
2 = 0.90   61 
The critical external Zn concentration for 90 % of maximum shoot growth 
of direct-sown plants was 70 µg Zn kg
1 soil (Figure 2.3a) at 7-leaf stage and 
increased to 107 µg Zn kg
-1 soil (Figure 2.3 b) at 10-leaf stage. By comparison, 
the critical external Zn concentration for shoot growth of transplanted plants was 
80 µg Zn kg
-1 soil (Figure 2.3b) at 7-leaf stage and 110 µg Zn kg
1 soil at the 10-
leaf stage (Figure 2.4b).   
At 10 µg Zn kg
-1 soil, direct-sown plants supplied experienced a strong 
recovery in growth between 7- and 10-leaf stage, so that their dry matter at 10-leaf 
stage  exceeded  that  of  transplanted  plants  (which  probably  benefited  from Zn 
supplied  initially  from  the  seedling  bed  compared  to  that  of  the  direct-sown 
plants). Interestingly, in plants supplied with 180 and 360 µg Zn kg
-1 soil, shoot 
dry matter of transplanted plants at both 7- and 10-leaf stages was only about half 
of that in direct-sown plants.   
Increasing external Zn supply generally decreased the shoot: root ratios. 
Shoot : root ratios also appeared to decrease with time both in direct-sown and 
transplanted plants (Table 2.1). At 7-leaf stage, shoot : root ratio was higher at all 
levels of external Zn supply in transplanted plants than direct-sowing, suggesting 
that the loss of roots during transplanting was not yet fully reversed.  By contrast, 
at 10-leaf stage, shoot: root ratios were similar for the two sets of plants at Zn 
levels > 30 µg Zn kg
-1 soil.  
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Table 2.1. Effect of Zn supply on shoot: root ratio of direct-sown and transplanted 
plants of oilseed rape at 7- and 10- leaf stages.  
 
Zinc supply  Direct-sown  Transplanted 
(µg kg
-1 soil)    7-leaf  10-leaf  7-leaf  10-leaf 
10 
30 
50 
70 
90 
180 
360 
22.3 c 
11.5 b 
7.3 a 
6.6 a 
6.1 a 
5.8 a 
6.6 a 
17.9 c 
12.2 b   
5.9 a      
5.6 a 
5.0 a 
5.8 a 
5.5 a                     
42.8 d 
31.0 c   
30.5 c 
25.8 bc 
22.0 ab 
19.1 ab  
14.3 a 
12.4 b 
7.3 a 
5.1 a 
5.6 a 
5.1 a 
5.2 a 
4.7 a 
[Values are means of three replicates. Means in a column followed by the same 
letter do not differ significantly, P ≤ 0.05]. 
 
2.4.3 Root length 
Increasing  soil  Zn  significantly  increased  the  root  length,  but 
responsiveness  to  increasing  Zn  varied  between  transplanted  and  direct-sown 
plants (Table 2.2). For direct-sown plants, the maximal root length was achieved 
in the plants that were supplied with 90 µg Zn kg
-1 soil at 7-leaf stage, but at the 
10-leaf stage, root length was maximal on the plants supplied with ≥ 70 µg Zn kg
-
1 soil.  However, for transplanted plants, the maximum root length at 7-leaf stage 
was  reached  when  360  µg  Zn  kg
-1  soil  was  applied  while  at  10-  leaf  stage, 
maximum root length occurred at ≥ 180 µg Zn kg
-1 soil. Despite having lower root 
dry matter than direct-sown plants, transplanted plants had greater root length at 
the high levels of Zn supply. 
 
2.4.4. Relative growth rate and relative absorption rate 
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Table  2.2.  Effect  of  Zn  supply  on  root  length  (m  plant
-1)  of  direct-sown  and 
transplanted plants of oilseed rape at 7- and 10 leaf stages.  
 
Zinc supply  Direct-sown  Transplanted 
(µg kg
-1 soil)    7-leaf  10-leaf  7-leaf  10-leaf 
10 
30 
50 
70 
90 
180 
360 
1.3 a 
5.7 a 
11.9 b 
13.1 bc 
19.5 d 
16.5 cd 
14.4 bc 
4.7 a 
8.0 b 
12.0 c 
17.4 d 
23.7 d 
18.8 d 
18.8 d 
1.8 a 
4.8 ab 
6.2 b 
8.1 b 
13.5 c 
16.7 c 
23.7 c 
5.7 a 
8.4 a 
8.6 a 
16.8 b 
22.8 c 
25.3 cd 
28.4 d 
[Values  are  means  of  three  replicates.  Means  in  a  column  for  each  harvest 
followed by the same letter do not differ significantly, P ≤ 0.05]. 
 
  Relative  growth  rates  of  shoots  between    the  7-  and  10-leaf  stages  of 
growth of direct-sown and transplanted plants increased with increasing external 
Zn  supply    (Table  2.3).  The  maximum  relative  growth  rates  of  shoots  of 
transplanted  plants  was  higher  than  those  of  direct-sown  plants.  Maximum 
relative growth rate in shoots of transplanted plants was achieved at 180 µg Zn kg
-
1  soil,  whilst  the  maximum  relative  growth  rate  for  direct-sown  plants  was 
attained at 70 µg Zn kg
-1 soil. 
In general, the relative growth rate in roots of transplanted plants increased 
with increasing external Zn supply. However, for direct-sown plants, root RGR 
decreased with increasing Zn supply from 10 to 50 µg Zn kg
-1 soil, and then 
increased  with  further  increases  in  external  Zn  supply.  Transplanted  plants 
generally had higher root RGR, compared with those of direct-sown plants, except 
for those at 10 and 30 µg Zn kg
-1 soil.   64 
In transplanted oilseed rape, ZAR increased positively to increasing Zn 
application (Table 2.3). Zinc absorption rates for direct-sown were on average 
about half than those in transplanted plants. Moreover, ZAR in direct-sown plants, 
like  RGR  of  roots,  initially  decreased  with  increasing  external  Zn  and  then 
increased. The rate of Zn absorption for transplanted plants ranged between 0.37 
and 0.68 µg 100 g
-1 of root fresh weight day
-1, and from 0.16 to 0.29 µg 100 g
-1 of 
root fresh weight day
-1 for direct-sown plants. 
 
Table 2. 3.  Effects of Zn supply on relative growth rates (RGR: g 100 g
-1 day
-1) 
of shoots and roots and Zn absorption rate (ZAR: µg g
-1 fresh root 
day
-1) of direct-sown and transplanted oilseed rape plants between 7- 
and 10-leaf  stages.  
 
Direct-sown  Transplanted  Zinc supply 
(µg kg
-1soil)  Shoot 
RGR 
Root 
RGR 
ZAR  Shoot 
RGR 
Root 
RGR 
ZAR 
10 
30 
50 
70 
90 
180 
360 
2.2 a 
2.5 abc 
2.4 ab 
2.8 bcd 
3.0 cd 
3.1 d 
3.1 d 
5.9 e 
5.7 de 
3.2 a 
3.9 ab 
4.7 bc 
4.8 c 
4.9 cd 
1.16 a 
1.18 ab 
0.23 bc 
0.24 c 
0.25 cd 
0.26 cd 
0.29 d 
2.8 a 
3.2 b 
   3.4 b          
   3.7 c         
   4.0 cd  
   4.3 de 
4.5 e              
3.9 a  
4.1 a 
5.2 b  
5.7 bc       
   5.6 bc 
6.3 c   
5.7 bc                             
0.37 a 
0.45 b 
0.56 c 
0.59 cd 
0.62 d 
0.65 de 
0.68 e 
[Values are means of three replicates. Means in a column followed by the same 
letter do not differ significantly,  P ≤ 0.05]. 
 
2.4.5. Zinc concentration and content in plants  
Increasing Zn supply significantly improved the Zn concentrations in the 
youngest mature leaf (YML) (Table 2.4). The critical Zn concentrations in YML 
decreased with plant age, with higher values at 7-leaf stage than 10-leaf stage in 
both the direct-sown and transplanted plants. The critical Zn concentration in the   65 
YML of direct-sown plants decreased from 13.0 at 7-leaf stage to 9.8 mg kg
-1 dry 
matter at 10-leaf stage (Figure 2.5), while that of transplanted plants decreased 
from 11.2 at 7-leaf stage to 7.3 mg kg
-1 dry matter at 10-leaf stage (Figure 2.6). 
 
 
 
Figure 2.5.    The relationships between shoot dry matter (g plant
-1) and  Zn 
    concentrations (mg Zn kg
-1 dry matter) in youngest mature leaf 
    of direct-sown oilseed rape at 7- and 10-leaf stages. 
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Zinc concentration (mg kg
-1)   66 
 
 
 
 
Figure  2.6.  The  relationships  between  shoot  dry  matter  (g  plant
-1)  and  Zn   
concentrations  (mg Zn kg
-1 dry matter) in youngest mature leaf of 
transplanted oilseed rape at 7- and 10-leaf stages. 
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Table 2.4.  Effect of Zn supply on Zn concentration in the youngest  mature leaf 
(mg kg
-1 dry matter) of direct-sown and transplanted oilseed rape at 7- 
and 10-leaf stages.  
 
Zinc supply  Direct  sown  Transplanted 
(µg kg
-1 soil)    7-leaf  10-leaf  7-leaf  10-leaf 
10 
30 
50 
70 
90 
180 
360 
4.4 a 
 7.8 ab 
10.0 b 
10.9 b 
17.1 c 
27.1 d 
28.7 d 
5.5 a 
5.6 a 
6.4 a 
6.9 a 
12.7 b 
24.2 c 
25.0 c 
8.6 a 
10.1 a 
12.5 a 
19.2 b 
21.4 b 
35.1 c 
35.5 c 
3.8  a 
4.1 a 
 5.0 ab 
 5.3 ab 
10.2 b 
17.4 c 
25.6 d 
[Values are means of three replicates. Means in a column followed by the same 
letter do not differ significantly,  P ≤ 0.05]. 
 
At the first harvest, Zn content was higher in transplanted oilseed rape at all levels 
of Zn supply except the lowest. By the second harvest, the Zn content in direct-
sown plants at 10 µg Zn kg
-1 soil increased to exceed those in transplanted plants 
as was the case at all other levels of Zn supply (Table 2.5). At the 10-leaf stage, 
the shoot Zn content in the transplanted plants was less than one-half that in the 
direct-sown plants in all treatments.  
2.4.6. Soil pH and soil zinc level 
 
Soil in the pots of transplanted plants, had a pH range from 4.54 and 4.83 
at  7-leaf  stage  and  decreased  to  the  range  of  4.51  to  4.71  at  10-leaf  stage. 
However, the pH of soil in which direct-sown plant grew, ranged between 4.46 
and 4.72 at 7-leaf stage and decreased to between 4.29 and 4.64 at 10-leaf stage.   68 
Generally, pH was higher at low Zn supply (Table 2.6) at both 7- and 10-leaf 
stages for soil growing direct-sown and transplanted oilseed rape.  
Table 2.5.  Effect of Zn supply on shoot Zn content (µg plant
-1) of direct-sown 
    and transplanted plants at 7- and 10-leaf stages.  
 
Zinc supply  Direct-sown  Transplanted 
(µg kg
-1soil)  7-leaf  10-leaf  7-leaf  10-leaf 
 
10 
30 
50 
70 
90 
180 
360 
 
6.0 a 
12.1 b 
22.0  c 
31.3 d 
34.2 d 
45.5 e 
54.5 f 
 
26.8 a 
43.5 a 
70.2 b 
111.9 c 
126.6 c 
183.6 d 
195.3 d 
 
8.4 a 
10.8 a 
14.4 b 
18.4 c 
20.4 cd  
21.8 d 
28.5 e 
 
12.3 a 
17.3 a 
28.9 b 
41.9 c 
51.7 d 
64.5 e 
83.2 f 
[Values are means of three replicates. Means in a column followed by the same 
letter do not differ significantly, P ≤ 0.05]. 
 
 
The DTPA-extractable Zn concentration in the soil increased progressively 
with increasing rates of external Zn supply in soils supporting both direct-sown 
and  transplanted  plants  at  7-  and  10-leaf  stages  (Table  2.7).  However,  the 
extractable soil Zn concentration was higher in soil in which transplanted plants 
grew  than  in  soil  supporting  direct-sown  plants;  reflecting  perhaps  the  lower 
demand for Zn of the smaller transplanted plants.   
2.5. Discussion 
2.5.1. External and internal zinc requirements of transplanted oilseed rape 
 
The  experimental  results  support  the  hypothesis  that  transplanting 
increases the external Zn requirement of oilseed rape for growth. However, the   69 
higher  external  Zn  requirement  of  transplanted  oilseed  rape  was  due  to  a 
requirement for root growth and the recovery of root function and not for shoot 
growth.  The  external  Zn  requirement  for  shoot  growth  was  lower  in  the 
transplanted than the direct-sown at 7-leaf stage (the immediate post-transplanting 
period), but was similar later at the 10-leaf stage (Table 2.7). This is probably due  
  
Table 2.6.  Effect of Zn supply on soil pH (water 1:5) and DTPA-extractable Zn 
(µg kg
-1 soil) of soil supporting direct-sown and transplanted plants at 
7- and 10-leaf stages.  
 
Zinc supply  Direct  sown  Transplanted 
(µg kg
-1soil)  pH  DTPA-Zn  pH  DTPA-Zn 
7-leaf stage 
10 
30 
50 
70 
90 
180 
360 
4.72 f 
4.68 e 
4.61 d 
4.58 cd 
4.54 c 
4.50 b 
4.46 a 
152 a 
168 ab 
179 bc 
194 cd 
205 d 
223 e 
262 f 
4.83 e 
4.80 e 
4.73 d 
4.69 cd 
4.67 c 
4.58 b 
4.54 a 
157 a 
169 a 
189 b 
202 bc 
212 c 
228 d 
281 e 
10-leaf stage 
10 
30 
50 
70 
90 
180 
360 
4.64 d   
4.62 d 
4.52 c 
4.50 c 
4.43 b 
4.38 b 
4.29 a 
123 a 
144 b 
156 b 
168 c 
180 d 
202 e 
221 f 
4.71 e 
4.68 e   
4.64 d 
4.59 c 
4.55 b 
4.53 ab 
4.51 a 
140 a 
159 b 
179 c 
192 d 
201 d 
213 e 
245 f 
[Values are means of three replicates. Means in a column followed by the same 
letter do not differ significantly, p ≤ 0.05]. 
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to the initial Zn status in the shoot, Zn mobilization out of old leaves, and the 
weaker demand  for Zn in the shoots in the transplanted plants.  
Table 2.7.  Critical external Zn concentrations (µg Zn kg
-1) for shoot and root dry 
weights and root length of direct-sown and transplanted oilseed rape at 
7- and 10-leaf stages.  
 
Direct  sown  Transplanted  Plant parts 
7-leaf  
stage 
10-leaf 
stage 
7-leaf  
stage 
10-leaf 
stage 
Shoot   
Root   
Root length   
71 
90 
84 
105 
107 
80 
32 
230 
>360 
109 
111 
227 
[Values derived from Mitscherlich fits to data shown in Figures 2.1, 2.2, 2.3 and 
2.4].  
 
The higher external Zn requirement for root growth may be related to the 
fact  that  transplanted  plants  experienced  initial damage  to  roots  and  time  was 
required  for  the  growth  of  new  roots  into  soil  to  re-establish  adequate  Zn 
absorption rates and close root-soil contact. The loss of root length and damage of 
root  tips  during  transplanting  may  have  directly  impaired  the  capacity  of 
transplanted plants to explore soil volume and absorb Zn from the soil profile. By 
10-leaf stage, it appear that the root systems of transplanted plants had recovered 
such  that  there  was  no  difference  in  shoot  :  root  ratio  for  direct-sown  and 
transplanted  plants,  and  the  external  Zn  requirement  for    root  growth  of 
transplanted plants had declined. 
 
2.5.2.  Mechanisms of increased external Zn requirement  
 
Several  factors  may  cause  the  increase  in  external  Zn  requirement  of 
transplanted oilseed rape during the immediate post-transplanting period, such as: 
the high shoot : root ratio ; the time required  for the initiation of new roots and   71 
the recovery of Zn  uptake capacity ; the poor root to soil contact immediately 
after transplanting ; and suppressed rhizosphere modification after transplanting.  
As noted above, the increased external Zn requirement for root growth of the 
transplanted plants cannot be attributed to increased Zn demand in the shoot as the 
shoot  biomass  was  smaller  compared  to  the  direct-sown  plants  at  similar 
physiological stages and Zn content in shoots and roots were generally less than 
direct-sown plants at equivalent growth stages.      
2.5.2.1.  Shoot : root  ratio 
  Zinc deficient plants produced higher shoot : root ratios compared with Zn 
sufficient plants. Therefore, when Zn supply was insufficient, the root growth was 
more limited than shoot growth. Previous studies have reported that shoot : root 
ratio  increases  with  Zn  deficiency  (Longnecker  and  Robson,  1993)  and 
transplanted oilseed rape were no different in this regard. Zinc supply strongly 
stimulated  the  new  root  growth  after  transplanting  as  reflected  in  the  higher 
relative growth rates between 7- and 10-leaf stages (Table 2.3). Hence, it apparent 
that at 10-leaf stage, transplanted plants had recovered such that there was no 
difference  in  shoot  :  root  ratio  for  direct-sown  and  transplanted    plants.  The 
weakening of the post-transplanting response of oilseed rape to Zn with time was 
consistent with the decreasing  shoot to root ratio, and with reports from field 
experiments by Hu et al. (1996). 
At  transplanting,  the  removal  of  50  %  of  roots  created  a  temporary 
imbalance between the size of the root system and the sink demand of the shoot. 
Root pruning would have removed a significant proportion of the root absorbing 
surface leading to the increased external Zn requirement for Zn uptake by roots   72 
during the immediate post-transplanting period before the full recovery of root 
size and functions. At 7-leaf stage, shoot: root ratio in transplanted plants in soil 
was  still  double  that  of  direct-sown  plants  (Table  2.1).  Oilseed  rape  has  a 
relatively large shoot: root ratio compared to other plants (e.g. Marschner, 1995), 
suggesting that it may be particularly susceptible to post-transplanting nutrient 
disorders due to root damage. By 10-leaf stage, root growth had recovered in the 
transplanted plants so that shoot: root ratios were similar for both sets of plants 
(Table  2.1).  The  higher ZAR  of  transplanted  than  of  direct-sown  oilseed  rape 
plants between 7- and 10 leaf stages supports the suggestion that after 7-leaf stage, 
Zn uptake capacity in the roots of transplanted  plants had recovered to levels 
comparable to those of the direct-sown plants.  
The initial Zn status in the shoots of the transplanted may compensate in 
part for the limited Zn uptake capacity in the roots, through remobilization of Zn 
from the old leaves. In the present experiment, seedbed Zn supply was low so this 
pool of seedling Zn was probably limited. In Chapter 6, the possibility that high 
seedbed  Zn  could  offset  post-transplanting  Zn  responses,  was  examined.  The 
enhanced post-transplanting root growth rate increases competition for assimilates 
with the shoot. This may have decreased the shoot growth rates, compared to the 
direct-sown, even though the RGRs were comparable and contribute to the fact 
that shoots did not share with roots a higher external Zn requirement for growth.  
2.5.2.2.  Root growth recovery 
Bell et al. (2004) suggested that Zn deficiency limits post-transplanting 
growth of oilseed rape during the period of root growth recovery. Thus in addition   73 
to shoot: root ratio, per se, it is suggested that recovery of root growth and the 
presence of root tips in particular is most critical for post-transplanting growth of 
oilseed rape. Sands (1984) suggested that damage of roots can impair the capacity 
of the plant to absorb Zn and other nutrients from the soil.  
Root tips are zones of the root system where rates of absorption of some 
elements such as Ca, and Fe are much higher than in older parts of the root system 
(Marschner 1995). Thus the loss of root tips alone, even if total root length was 
not  greatly  altered  would  be  expected  to  immediately  depress  the  rates  of 
absorption  of  some  nutrients,  resulting  perhaps  in  the  decrease  in  Zn  uptake 
efficiency per unit root mass.  
Once transplanted plants recover from transplanting and produce new root 
tips, transplanted plants would require a lower external Zn for growth. The present 
results (Table 2.3) which show that transplanted plants in soil had higher relative 
Zn uptake rates between 7- and 10-leaf stages after root recovery are therefore 
consistent with this mechanism. So too are the shoot Zn contents of transplanted 
plants at 7-leaf stage which were lower than those of direct-sown (Table 2.5). 
Further support for the importance of root tips can be found in the results of Bar-
Tal et al. (1994a,b) with tomato subject to root pruning treatments. Root pruning 
subsequently stimulated an increased RGR of roots and an increased proportion of 
new roots. Hence the number of young active roots was increased after pruning 
and this contributed to an increased rate of nutrient uptake per unit root volume. 
The importance of root tips for post-transplanting Zn uptake will be further tested 
by comparing Zn response of transplanting plants with damaged vs undamaged, 
intact root systems (Chapter 4, 7).   74 
  
2.5.2.3.  Root : soil contact 
Plants transferred to soil culture may have poor contact between the roots 
and  soil  after  transplanting  (Sands,  1984).  Thus,  roots  may  have  had  reduced 
capacity for water and nutrient uptake, and this may inhibit new root growth, and 
slow down the root recovery. Consequently, it may have contributed to the Zn 
response of transplanted plants. For Zn which is relatively immobile in the soil, 
root extension is an important process for maintaining Zn uptake rate (Kochian, 
1993). As the new roots developed in transplanted plants, they would have better 
contact with soil than the old roots and explore a much greater volume of soil 
leading to more efficient Zn uptake. Hence, poor soil contact by the existing roots 
of  transplanted  plants  and  slow  root  extension  after  transplanting  would  be 
expected to depress Zn absorption from the soil.  
 
2.5.2.4.  Root function  
A  specific  case  of  the  recovery  of  root  function  after  transplanting 
concerns rhizosphere modification and its impact on Zn uptake. Dinkelaker et al. 
(1989) suggested that plant roots may increase the availability and uptake of Zn 
from  the rhizosphere  by  mechanisms  such  as  pH  decrease,  and  the  release  of 
organic  acids  and  chelating  compounds  and  ecto-enzymes.  Hence,  rhizosphere 
modification  could  mobilize  soil  Zn,  so  that  a  lower  rate  of  Zn  supply might 
support the Zn requirement for plant growth. For direct-sown plants, the lower 
external  Zn  requirement  is  consistent  with  rhizosphere  modification  processes 
increasing  Zn  availability  commencing  soon  after  sowing.  Rhizosphere 
modification processes may have caused strong recovery in growth of direct-sown   75 
plants particularly at low Zn supply, so that RGR of their roots between 7 and 10-
leaf stages exceeded those of transplanted  plants. 
 
2.5.3.   Levels of root pruning  
Generally, the response of plants to root pruning depends on the amount of 
roots removed and the plant species (Alexander and Maggs, 1971; Geisler and 
Ferree, 1984; Arnold and Young, 1991). The present study showed that 50 % root 
pruning depressed root and shoot dry weights, but only for about 21 days after 
transplanting.  Between  7-  to  10-leaf  stages,  roots  had  largely  recovered  from 
transplanting stress. Reduced vegetative growth from root pruning is in agreement 
with previous results reported by Geisler and Ferree (1984) that pruning up to 59 
% of roots depressed plant growth during the two weeks after transplanting, but 
after 4 weeks root pruning no longer influenced the total root fresh weight. In 
addition,  between  10-20  days  after  transplanting,  root  pruning  (50,  75  %)  of 
oilseed  rape  strongly  reduced  Zn  uptake,  but  at  40  days  after  transplanting, 
pruning at even up to 75 % of roots had no remaining effects on shoot Zn content 
compared to those of control plants with unpruned roots (Bell et al. 2004). Thus 
the above results support those of the present study where 50 % pruning of roots 
impaired growth directly for 21 days after transplanting. Generally, the effect of 
more  severe  root  pruning  would  be  to  extend  the  period  required  for  post-
transplanting recovery.  
 
2.6. CONCLUSION  
  In this present investigation, the Zn response of transplanted oilseed rape 
differed from that for direct-sown plants. Firstly, the Zn response in transplanted   76 
oilseed rape was stronger during the early growth and declined in relative terms 
with  plant  age.  Secondly,  the  external  Zn  requirement  for  root  growth  of 
transplanted oilseed rape was greater than for direct-sown plants. Mechanisms 
suggested for the higher external Zn requirement of transplanted oilseed rape were 
the increased shoot : root ratio induced by root pruning, the loss of root tips at 
transplanting, the poor soil contact of transplanted roots and the impaired of root 
function.  
Further research is needed to clarify the mechanism by which Zn plays an 
important role in the recovery of root function after transplanting. Factors limiting 
Zn diffusion in the soil, and those limiting the recovery of root elongation after 
transplanting  are  likely  to  exacerbate  the  need  for  increased  external  Zn 
requirements for transplanted plants. The importance of impaired root function 
will be tested in the following chapter by growing transplanted and direct-sown 
oilseed rape in solution culture (Chapter 3) where root to soil contact constraints 
are absent, and rhizosphere modification of Zn availability will largely be negated. 
Finally, the design of the present study did not allow the effects of transplanting 
per se to be isolated from those of root pruning. In chapter 4, the Zn response of 
transplanted oilseed rape with and without root pruning is examined.   77 
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CHAPTER 3 
 
RESPONSE  OF  DIRECT-SOWN  AND  TRANSPLANTED OILSEED 
RAPE TO ZINC-HEDTA CONCENTRATION IN CHELATE-  
BUFFERED NUTRIENT  SOLUTION 
 
3.1. Abstract   
  In the previous chapter it was concluded that transplanted oilseed rape had 
a higher external Zn requirement than direct-sown plants when grown in soil. The 
objective of this present experiment was to determine if rhizosphere modification 
processes and root-solution contact were involved in the sensitivity of 
transplanted oilseed rape to Zn deficiency by growing plants in solution culture 
where rhizosphere effects and poor root-solution contact would be essentially 
absent.  Oilseed rape cv. Hyola 42 was grown in chelate-buffered nutrient 
solutions culture with Zn-HEDTA supplied at 0, 0.05 and 5.0 µM. The first set of 
plants was sown directly into Zn treated solutions and the second set of plants was 
raised in a seedbed until 4-leaf stage before being transplanted into Zn treated 
solutions.  
Zinc-HEDTA substantially increased shoot and root dry weights for both 
direct-sown and transplanted plants. Plants supplied with zero Zn grew 
continuously throughout the 9 day and 18 day treatment periods for transplanted 
seedlings and direct-sown plants, respectively, but shoot and root growth was 
stunted. At each level of Zn-HEDTA, transplanted seedlings produced less dry 
matter than those of direct-sown plants, as was the case previously in the soil 
culture experiment. By contrast with the response in soil, in solution culture both 
shoot and root growth of transplanted oilseed rape plants exhibited an increased   79
external Zn requirement. It was concluded that the higher external Zn requirement 
of transplanted oilseed rape was not due to impaired rhizosphere modification per 
se or due to poor root-solution contact.  
 
3.2. Introduction 
 
  In the previous experiment in the glasshouse using soil culture, 
transplanted seedlings were especially sensitive to Zn deficiency, and had a higher 
external Zn requirement than those of direct-sown plants (Chapter 2). 
Transplanted seedlings were strongly responsive to the external Zn supply during 
their early post-transplanting growth: this applied particularly to root growth. 
However, the response weakened with time. Whilst these responses were 
consistent with those previously reported for field and glasshouse grown oilseed 
rape (Hu et al., 1996; Bell et al., 2004), the mechanisms underlying this response 
remain obscure. 
  Solution culture has been widely used for studies on micronutrients 
especially to investigate root ion uptake processes. The benefit of solution culture 
is to produce roots free of mineral coatings and soil particles (Kochian, 1993). 
With this technique, root growth, root exudates and chemical changes in the bulk 
solution can be measured easily and accurately without disturbing plant growth 
(Carroll and Loneragan, 1968a). Moreover, this technique can be used to establish 
the critical activity of Zn
++ required for optimum growth (Rengel and Graham, 
1995a; Parker, 1997). However, solution culture techniques are not necessarily 
appropriate when significant rhizosphere changes affecting Zn availability are 
suspected.   80
Chelator-buffered nutrient solution was used in the present study because 
it can be used to buffer the concentration of Zn ions in solution (Welch and 
Norvell, 1993; Rengel and Graham, 1995a,c). Thus, the benefit of using this 
system is to control the Zn activities at levels found in soil solutions (Chaney et 
al., 1989; Norvell, 1991). Zinc-HEDTA is one of the chelating agents that can be 
used for controlling Zn
++ activity in nutrient solution. It forms a Zn-chelate of 
appropriate stability within a suitable pH range for plant growth (Norvell and 
Welch, 1993). 
 
  Studies on root growth and nutrient dynamics in the rhizosphere are of 
crucial importance, because plant roots have developed several strategies to 
modify the environment surrounding their roots, which affects the mineral 
nutrition of the plants (Marschner, 1995; Welch, 1995). Plant roots induce 
changes in the rhizosphere which may influence the availability of mineral 
nutrients including: the release of  H
+ or HCO3
- which may change pH; release of 
O2 which may alter  the redox potential; and also by release of root exudates such 
as sugars and organic acids (Dinkelaker and Marschner, 1992). Moreover, Brown 
(1975) reported that factors such as the damage of plant roots and the status of 
plant nutrition led to changes in the rhizosphere caused by changes in pattern of 
root exudation, and in the associated rhizosphere microbiological activities. 
The rhizosphere pH may be significantly different from the pH of the bulk 
soil by as much as 2 units higher or lower depending particularly on the excess of 
cations or anions absorbed and it can affect nutrient availability (Marschner and 
Romheld, 1991; Darrah, 1993). The decrease in rhizosphere pH by dicotyledons 
species (dicots) in response to iron (Fe) deficiency may enhance mobilisation and   81
uptake rate of Fe as well as other nutrients such as Mn and Zn. Marschner (1993) 
suggested that decreasing pH in the rhizosphere increases both the concentration 
and mobility of Zn in the soil solution. 
  The purpose of the present study was to investigate whether rhizosphere 
modification processes were involved in the sensitivity of transplanted crops to Zn 
deficiency by growing oilseed rape crop in chelate-buffered solution culture 
where rhizosphere effects on mobilising unavailable forms of Zn would be absent. 
In solution culture, the effects of poor soil-root contact would also be absent. 
3.3. Materials and Methods 
3.3.1. Treatment 
 
One set of oilseed rape cv. Hyola 42 was sown directly into 5 litre pots of 
solution as germinated 2 day-old seedlings (known as direct-sown plants). The 
second set of plants was transplanted into treated pots when the seedlings had 
approximately four leaves (known as transplanted plants). Eight seedlings were 
transferred to each treated pot. Both sets were treated in triplicate with three Zn 
rates as follows: 0, 0.05 and 5.0 µM Zn-HEDTA {N-(2-Hydroxyethyl) 
ethylenedinitrilotriacetic acid}. Pots were arranged in a randomised complete 
block design. 
 
3.3.2. Plant culture 
 
The basal culture medium used in this experiment contained (µM): KNO3, 
2800; Ca(NO3)2, 1600; MgSO4, 1000; NH4NO3, 2000; KH2PO4, 100; FeEDTA, 
40; NaCl, 8; MnSO4, 2; H3BO3, 2;  CuSO4, 0.5 and NaMoO4, 0.08. The 
macronutrient stock solutions were prepared with analytical grade chemicals. The   82
macronutrients were purified to remove residual Zn by complexing with dithizone 
in chloroform at pH 6.5 - 7.5 (Hewitt, 1966), then stored in acid-washed plastic 
bottles. Triple deionized (TDI-H2O) water was used for making nutrient solutions. 
  For direct-sown plants, oilseed rape seeds were germinated by wrapping 
them in filter paper moistened with 1000 µM Ca(NO3)2 for 48 hours in the dark at 
25 °C. Eight selected seedlings were transferred to 5 litre plastic pots lined with 
polythene bags containing basal culture medium. All pots were continuously 
aerated with filtered air and randomly repositioned in the water bath maintained at 
20 - 22 °C throughout the experimental period. After 3 days, seedlings were 
thinned to six plants per pot. 
For transplanted plants, oilseed rape seeds were sown in a seedbed 
containing Lancelin sand. Complete nutrients were added at the following rates 
(mg kg
-1 air dry soil): K2SO4, 174; CaCl2.2H2O, 98; NH4NO3, 93; KH2PO4, 90.7; 
MgSO4.7H2O, 24.6; MnSO4.7H2O, 8.5; CuSO4.5H2O, 1.3; H3BO3, 0.85; 
Na2MoO4.2H2O, 0.4 and 30 µg Zn kg
-1 soil (Huang et al.,1995). Only analytical 
grade chemicals were used. Macronutrient salts were purified to remove residual 
Zn by complexing with dithiozone in chloroform at pH 6.5 - 7.5 (Hewitt, 1966). 
Triple deionized (TDI-H2O) water was used for making nutrient solutions. The 
nutrient solutions were added to the soils and after drying, thoroughly mixed by 
shaking for a minute.  
The seedlings were transplanted to chelate-buffered nutrient solution when 
they had four leaves, at 34 days after sowing. Seedlings were lifted gently, the 
roots were washed free of soil with running DI water, and 50 % of the roots mass 
was removed by cutting from the tips. Eight seedlings were transplanted in each   83
pot and after 5 days seedlings were thinned to six plants per pot. The solution pH 
in each pot was adjusted to 6.0 ± 0.3 with 1.0 M HCl or 1.0 NaOH before sowing. 
Solution samples were collected at 7 days after sowing (DAS) and after 
transplanting  (DAT), and also at harvest for ammonium (NH4
+) and nitrate (NO3
-) 
determination. 
3.3.3. Harvest  procedure 
  Plants in each treatment were harvested at 18 DAS for direct-sown and 9 
DAT for transplanted seedlings. Each plant was separated into shoots and roots 
for determining fresh and dry weights. Old leaves were also separated for 
phosphorus (P) determination. After that, roots, shoots, and old leaves were dried 
at 65- 70 °C for 48 hours or until a constant weight was achieved and reweighed. 
A representative portion of fresh roots was also separated for root length and root 
hair measurements, and placed into plastic bags. Root length was measured by 
using a Comair root length scanner (Newman, 1966), and root hairs were counted 
under a dissecting microscope. 
3.3.4. Analysis of plants and nutrient solution  
  The dried samples were milled and digested in concentrated nitric acid at 
135 – 140 °C for Zn determination in roots, shoot and leaves, and P for old leaves 
by using ICP optical emission spectrometry (Zarcinas et al., 1987). At 7 days and 
at harvest, the nutrient solutions were collected for NO3-N and NH4-N analysis by 
using a spectrophotometric method (Rayment and Higginson, 1992). Solution pH 
was measured every day throughout the growth period.   84
3.3.5.  Data analysis 
  All treatments were allocated in a randomised complete block design with 
three replicates. The result were analysed statistically by analysis of variance 
using the Super Anova program. The differences between means were compared 
by Fisher’s Protected Least Significant Differences (LSD) at the 5 % level of 
probability (P ≤ 0.05). Mean rates of Zn absorption rate (ZAR) and the relative 
growth rates (RGR) were calculated as described in Chapter 2. Zinc content of 
shoots and roots were calculated by multiplying shoot and root Zn concentration 
by shoot and root dry weights, respectively. 
 
3.4.   Results 
3.4.1. Growth and symptom development 
  Transplanted plants without Zn supply showed Zn deficiency symptoms at 
day 8. Initial symptoms included reddish brown colouration on the oldest leaves 
and purpling colour of the youngest leaf. With time, more severe symptoms 
developed :  necrosis of older leaves, and failure of new leaves to enlarge after 
transplanting. By contrast plants supplied with 0.05 µM Zn (low Zn) had six 
leaves, while those at 5.0 µM Zn  (sufficient Zn), plants had seven healthy green 
leaves. By day 16, transplanted seedlings supplied with 0.05 µM Zn started to 
show purplish pigmentation on the youngest leaf, whilst plants supplied with 
sufficient Zn showed healthy growth until harvest. 
   For direct-sown plants, the first symptoms was observed in treatments 
without Zn added at day 10, when the youngest leaf showed similar symptoms to 
the transplanted plants and plants appeared stunted. By this time, no symptoms   85
were found in plants with low Zn and sufficient Zn. By day 14, with no Zn added 
Zn deficiency symptoms were more severe: the leaves were small in size, and 
exhibited interveinal chlorosis, and brown necrotic spots. In addition, Zn 
deficiency also increased the thickness of the leaf blade.  
 3.4.2.  Shoot and root dry weights 
Zinc application strongly increased shoot and root dry weights of direct- 
sown and transplanted plants. Direct-sown and transplanted plants showed 
differing degrees of response of shoot and root growth to Zn (Figure 3.1). Direct-
sown plants produced more shoot and root dry weight than those of transplanted 
plants at 0 µM Zn.  
For direct-sown plants, shoot growth increased sharply when Zn supply  
increased from 0 to 0.05 µM but not significantly with an additional increase in 
Zn supply to 5.0 µM. However, for transplanted plants, the shoot and root dry 
weights steeply increased with each increase of Zn supply. These results suggest 
that the external Zn requirement for both shoot and root dry weights of 
transplanted plants was greater than that for direct-sown plants. 
3.4.3.  Shoot :root ratios, root length and root hairs 
The shoot: root ratio increased with an increase in Zn supply for both direct-sown 
and transplanted plants (Table 3.1). Transplanted plants had a higher shoot: root 
ratio compared with direct-sown plants. Raising solution Zn concentration from 0 
to 5.0 µM substantially increased root length, however, root hair  density  was 
decreased with increases in the Zn concentration both for direct-sown and   86
transplanted plants (Table 3.1). Direct-sown plants had a greater root length 
compared with transplanted plants. 
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Figure 3.1. Effect of Zn-HEDTA supply on shoot (A) and root (B) dry weights of 
direct-sown (DS) and transplanted (TR) plants in chelate-buffered 
nutrient solution at 7-leaf stage. Bars for each plant type with the 
same letter were not significantly different. 
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Table 3.1. Effect of Zn-HEDTA supply on shoot: root ratios (S:R), root length  (m 
plant
-1) and root hair density (number g
-1 fresh root) of direct-sown and 
transplanted plants at 7-leaf stage.  
 
Direct-sown Transplanted  Zinc supply
(µM)  S:R length  hairs  S:R length  hairs 
0 
0.05 
5.0 
4.2 a 
8.1 b 
8.3 b 
1.0 a 
2.5 b 
5.2 c        
2474 c 
2134 b 
1809 a 
  7.2 a 
  9.0 b 
  9.4 b 
0.5 a 
1.1 b 
2.4 c 
3240 c 
1899 b 
1155 a 
[Values are means of three replicates. Values in a column followed by the same 
letter are not significantly different,  P ≤ 0.05.]     
 
3.4.4.  Relative growth rates 
Increasing solution Zn concentrations from 0 to 0.05 µM significantly 
increased the relative growth rates of shoots and roots both of direct-sown and 
transplanted plants (Figure 3.2). Further increasing solution Zn from 0.05 to 5.0 
µM did not increase the relative growth rate of shoots and roots of direct-sown 
plant, but it did increase those of transplanted plants. Direct-sown plants had 
higher shoot relative growth rates, but lower root relative growth rate.  
3.4.5. Shoot and root zinc concentrations 
Zinc concentration in shoots increased significantly with increasing solution Zn 
concentration both in direct-sown and transplanted plants (Table 3.2). Direct-sown 
plants had higher Zn concentration in shoot than those of transplanted plants. 
Similarly, Zn concentrations in roots of direct-sown were higher but only when 
plants were grown with added Zn in the solution (Table 3.2). In contrast, in plants   88
with no Zn supplied, the concentration of Zn in roots was higher in transplanted 
plants than in direct-sown plants.  
 
Table 3.2. Effect of Zn-HEDTA supply on shoot and root zinc concentration (mg 
kg
-1 dry matter) of direct-sown and transplanted plants at 7-leaf stage.  
 
Direct-sown Transplanted  Zinc supply 
(µM)  Shoot Root Shoot  Root 
0 
0.05 
5.0 
      9.8 a 
    15.7 b 
    23.4 c 
     11.5 a 
     20.2 b 
     31.5 c 
         8.8 a 
      12.5 b 
      17.4 c 
      14.2 a 
      17.7 b 
      21.5 c 
 
[Values are means of three replicates. Values followed by the same letter are not 
significantly different, P ≤ 0.05]. 
 
3.4.6.   Phosphorus concentrations and contents 
Zinc treatment had a significant effect on P concentration and content in 
oldest leaves of oilseed rape both in direct-sown and transplanted plants (Table 
3.3). Direct-sown plants accumulated more P in their old leaves than transplanted 
plants.  
During the growth period, increasing Zn supply from zero-Zn added (Zn0) 
to low Zn increased the P content of plants 2.5 fold for direct-sown plants and 
transplanted plants. With a further increase of Zn supply to Zn sufficient, the P 
content increased by a factor of only 1.4 and 1.2 for direct-sown and transplanted 
plants, respectively.  
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Figure 3.2. Effects of Zn-HEDTA supply on relative growth rates of shoot (A) 
and root (B) of direct-sown (DS) at 18 DAS and transplanted (TR) 
oilseed rape at 9 DAT, respectively. Bars for each plant type with the 
same letter were not significantly different. 
 
 
0
10
20
30
40
R
e
l
a
t
i
v
e
 
g
r
o
w
t
h
 
r
a
t
e
 
(
g
 
1
0
0
 
g
-
1
 
d
a
y
-
1
)
0 0.05 5
Solution zinc concentration (µM)
RGRS-TR
RGRS-DS
a
b b
c
d
e
a. Shoot
0
10
20
30
40
R
e
l
a
t
i
v
e
 
g
r
o
w
t
h
 
r
a
t
e
 
(
g
 
1
0
0
 
g
-
1
 
d
a
y
-
1
)
0 0.05 5
Solution zinc concentration (µM)
RGRR-TR
RGRR-DS
b. Root
a
b b
c
d
e
   90
Table 3.3. Effect of Zn-HEDTA supply on P concentration (mg g
-1dry matter) and 
P content (mg plant
-1) in the old leaves of direct-sown and 
transplanted plants.  
 
 
Direct-sown 
 
Transplanted 
Zinc supply 
(µM) 
Concentration Content Concentration  Content 
0 
0.05 
5.0 
      10.9 b 
        4.0 a 
        2.8 a 
     17.0 b 
      6.8 a 
      4.8 a 
         8.8 b 
         3.2 a 
         2.5 a 
      12.5 b 
        4.8 a 
        3.9 a 
 
[Values are means of three replicates. Values followed by the same letter are not 
significantly different, P ≤ 0.05 }] 
 
3.4.7.  Nitrogen concentrations in solution and pH 
 
The concentration of nitrogen in solution decreased with time (Table 3.4). 
At 7 days, the concentrations of NH4-N in solution in which direct-sown plants 
were grown were higher than those in which transplanted plants were grown. 
However at harvest, the concentration of NH4-N in solution supporting direct-
sown plant decreased and was lower than those supporting transplanted plants. A 
similar pattern was obtained for the concentration of NO3-N in the nutrient 
solution.  
The pH changes in nutrient solution during plant growth depended on Zn-
HEDTA supply and growth of plants (Figure 3.3). The pH of solutions supporting 
direct-sown plants without Zn supply decreased until the day 9 and increased until 
the day 14, then decreased continuously until harvest. Similarly for plants 
supplied with 0.05 and 5.0 µM Zn-HEDTA, the solution pH decreased until the 
day 9, increased until day 15, and thereafter decreased.      91
Table 3.4. Effect of Zn-HEDTA on NH4-N and NO3-N concentration (mg N L
-1) 
in solutions supporting direct-sown and transplanted plants after 7 days 
and at final harvest.  
 
7 days  Harvest  Zinc supply
(µM)  Direct-sown  Transplanted  Direct-sown  Transplanted 
 
0 
0.05 
5.0 
 
0 
0.05 
5.0 
NH4-N (mg N L
-1) 
        38 c                    37 c                       19 b                 27 c 
        35 b                   34 b                       14 a                  22 b 
        33 a                   28 a                        12 a                 18 a 
NO3-N (mg N L
-1) 
        84 c                   96 c                        75 c                 86 c 
        67 b                   85 b                       56 b                 67 b 
        55 a                   76 a                        40 a                 57 a 
 
[Values are means of three replicates. Values followed by the same letter are not 
significantly different, P ≤ 0.05]. 
 
 
  In solutions supporting transplanted plants, the pH with zero added Zn 
decreased until harvest, but at low and sufficient Zn, the solution pH decreased 
until the day 7 and slightly increased thereafter until the harvest day. At harvest, 
solutions supplied with no Zn decreased by as much as 0.7 pH units, and plants 
supplied with 0.05 and 5.0 µM Zn-HEDTA decreased by 0.9 and 1.0 pH units, 
respectively. Thus, the pH change in direct-sown was greater than those of 
transplanted plants. 
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Figure 3.3. Effect of Zn-HEDTA concentration on temporal changes in pH of 
nutrient solution in which direct-sown (DS) and transplanted (TR) 
plants of oilseed rape were grown for 18 and 9 days, respectively. 
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3.5.  Discussion 
 
In soil culture (Chapter 2), transplanted oilseed rape plants had a higher 
external Zn requirement for maximum root growth than those of direct-sown 
plants. The present results in solution culture also showed that transplanted 
oilseed rape had a higher external Zn requirement for root growth, but unlike the 
soil culture experiment, in solution culture there was a higher external Zn 
concentration for shoot growth also. In both cases, the greater external Zn 
requirement was evident at 7-leaf stage, which occurred at 9 DAT and at 18 DAS 
for direct-sown plants. At low and sufficient levels of Zn supply, direct-sown 
plants had higher shoot and root dry weights than transplanted plants. Thus the 
higher external Zn requirement of transplanted plants was not due to higher 
demand for Zn.    
Throughout the experiment, direct-sown plants had higher relative growth 
rates of shoots compared with transplanted plants. This suggests that the damage 
caused to the root systems when transplanted plants are uprooted from the 
seedbed and then root pruned, inhibited the shoot growth in the 9 days after 
transplanting. Zinc deficient plants had lower shoot : root ratio irrespective of 
whether they were direct-sown or transplanted. These results were inconsistent 
with the results reported for the soil culture experiment (Chapter 2). Similarly, 
other studies indicated that Zn deficiency resulted in increased shoot : root ratios 
in  Phaseolus vulgaris (Cakmak et al., 1989), and in wheat (Cakmak and 
Marschner, 1988; Rengel and Graham, 1995a;  Pearson and Rengel, 1997). By 
contrast, Norvell and Welch (1993) reported that barley plants grown in chelate-
buffered nutrient solutions tended to have increased root weight but reduced the   94
shoot growth with low Zn supply hence the shoot : root ratio was decreased in Zn 
deficient plants. This suggests a different response of shoot : root ratio to Zn 
deficiency when plants are grown in solution culture than in soil culture. 
In solution culture, the old (damaged) roots probably contribute to Zn 
uptake after transplanting, hence Zn uptake resumes more rapidly and root growth 
responds more quickly than in soil culture. Some support for this suggestion 
comes from the work of Barber and colleagues (Jungk and Barber, 1975; Edwards 
and Barber, 1976) who found that root trimming had no significant effect on P 
uptake from nutrient solutions by corn and soybean, because the decrease in root 
length was offset by an increase in rate of P absorption. On the other hand in soil 
culture, the higher shoot : root ratio under Zn deficiency and the poor contact 
between plant roots and soil, may slow down the root recovery and Zn uptake 
rate, whilst slow Zn diffusion in soil limits effectiveness of the old roots for Zn 
uptake and increases reliance on new root growth. Hence in chelate-buffered 
nutrient solution culture, shoots responded faster to depressed external Zn supply 
than it did when plants were grown in soil culture (Chapter 2).  
Root morphological characteristics such as root length and root hair 
density are important factors affecting nutrient uptake. Different root morphology 
may not only influence the nutrient uptake but also account for the differential 
sensitivity of plants and cultivars to nutrient deficiency (Gao et al., 1998). In the 
present study, direct-sown and transplanted plants produced different root 
morphologies and perhaps different abilities to absorb Zn. Direct-sown plants had 
longer and thinner roots compared with transplanted plants (Figure 3.4), and 
higher Zn concentration in the shoots and roots  (Table 3.2).     95
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4.  Effect of Zn-HEDTA supply on root length (m) per unit mass of 
direct-sown (DS) and transplanted (TR) seedlings. (a). on a root   
fresh weight basis (m g
-1 root fresh weight) and (b). on a root dry 
weight basis (m g
-1 root dry weight). Bars represent standard errors 
of three replicates. 
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shown that longer and thinner roots increased root absorbing surface area and 
reduced the distance that Zn needed to reach the absorption sites (Dong et al., 
1995). Therefore the greater root length of direct-sown plants would have 
probably resulted in more efficient Zn absorption than in transplanted plants.   
Both direct-sown and transplanted plants grown in nutrient solution with 
no added Zn had a greater root hair density than those grown with Zn added. 
Increased root hair density would be expected to increase Zn uptake. However, 
there are two factors that would diminish the effectiveness of root hairs in Zn 
uptake in the present study. Firstly, by observation under the microscope, Zn 
deficient plants produced root hairs with abnormal shape and brownish tips. The 
efficiency of these deformed root hairs in Zn uptake is unknown. In addition, root 
hairs are short-lived cells (Bowen and Rovira, 1969; Hofer, 1996). Hence, the 
greater root hair density in Zn deficient plants may over state the capacity of low 
Zn plants to absorb Zn from the solution if the turnover time for these root hairs 
was shorter than those on plants with added solution Zn. 
The amount of NO3
– absorbed was greater than that of NH4
+
  for both 
direct-sown and transplanted plants. When plants are supplied with NO3-N, they 
generally absorb more anions than cations, and the external pH increases from a 
net excretion of OH
-. In addition, Hewitt (1966) pointed out that the uptake of 
NH4 - N occurred rapidly at higher pH values of 6.0 to 7.0, whereas the uptake of 
NO3-N was facilitated by slightly acid pH values of 4.5 to 6.0. Thus from this 
study it appears that NH4-N was taken up primarily early in growth when the 
solution pH was about 6.0, and afterwards NO3 -N was more dominant causing a 
rise in pH.    97
With transplanted plants, the solution pH declined slower than with direct-
sown plants. Possibly, this was because the growth period for transplanted plants 
was shorter, and the plant dry matter accumulation was less. However, damage of 
the root system of transplanted seedlings may have delayed the excretion of OH
- 
into the solution, and may have contributed to the lesser pH change that occurred 
with direct-sown plants.  
3.6. CONCLUSION 
  The present experiment has shown that transplanted oilseed rape required 
higher external Zn than direct-sown plants to achieve maximum growth of shoots 
and roots. Similarly in soil grown plants (Chapter 2), it was concluded that 
transplanted oilseed rape had a higher external Zn requirement. However, unlike 
the soil culture experiment, in solution culture both roots and shoots growth had 
higher external Zn requirements, and this was attributed to the more rapid 
response of root and shoot growth to Zn after transplanting in solution culture 
than in soil culture.  
  The fact that higher external Zn was required for maximum root growth in 
solution culture as in soil culture suggests that it was not primarily the change in 
the rhizosphere modification processes in the transplanted seedlings that resulted 
in an increased external Zn requirement and neither was the poor root-solution 
contact the major causal mechanism. These results will be explored further in the 
Chapter 4 by studying the dynamics of root and shoot recovery in chelate-buffered 
nutrient solution with high and low Zn supply, through a series of sequential 
harvests after transplanting.   98
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CHAPTER 4 
 
EFFECT OF SOLUTION Zn-HEDTA AND ROOT PRUNING ON 
GROWTH AND ZINC UPTAKE OF TRANSPLANTED OILSEED  
RAPE IN CHELATE-BUFFERED NUTRIENT SOLUTION 
 
 
4.1. Abstract 
 
 
  In chapter 2 and 3 when direct-sown and transplanted oilseed rape were 
compared in soil and solution culture, respectively, the transplanted oilseed rape 
had a higher external Zn requirements. However, it was not clear whether the 
increased external Zn requirement was due to transplanting or to root pruning, or 
both. The objectives of the present study were to clarify the dynamics of root and 
shoot recovery growth after transplanting and to assess the effect of Zn supply and 
root  pruning  on  growth  and  Zn  absorption  by  transplanted  oilseed  rape.  
Transplanted  oilseed  rape  was  grown  in  chelate-buffered  nutrient  solution  and 
harvested  successively  at  5-day  intervals  from  0-25  days  after  transplanting. 
Treatments consisted of two levels of Zn-HEDTA (0.02 and 5.0 µM) and two root 
treatments (unpruned and 50 % root pruning).  
 
  Under low solution Zn and 50 % root pruning, transplanted oilseed rape at 
day 5 had lower root dry weights but higher shoot : root ratio than those with 
sufficient  Zn  or  no  root  pruning.  From  10  days  onwards,  shoot  :  root  ratio 
declined and attained a relatively constant ratio notwithstanding the persistently 
lower values following root pruning. While recovery of root relative growth rate 
was already evident at 5 days after transplanting, dry matter of pruned roots never 
exceeded 70 % of the unpruned roots. Plants with unpruned roots had higher Zn 
status in their plant parts than those of plants with roots pruned due to higher Zn   101 
absorption rate. Thus pruning of transplanted oilseed rape depressed subsequent 
growth rates, especially of roots and their Zn uptake. High solution Zn alleviated 
but  did  not  fully  overcome  the  effects  of  pruning  on  growth  of  transplanted 
oilseed rape  
 
4.2.  Introduction 
 
Transplanted  oilseed  rape  plants  were  more  sensitive  to  Zn  deficiency 
compared to direct-sown plants before the full recovery of root system (Chapter 2 
and 3). Zinc deficiency appeared to limit post-transplanting growth during the 
recovery  phase  particularly  by  limiting  the  new  root  growth,  and  this  in  turn 
inhibited  the  uptake  of  Zn.  In  addition,  transplanted  oilseed  rape  plants  were 
strongly responsive to the external Zn supply in their early post-transplanting root 
growth but the response weakened with time (Chapter 2).   
 
Oilseed rape seedlings raised in nursery beds and then transplanted into the 
main field may experience nutritional problems that are not found by direct-sown 
plants (Hu et al., 1996). Seedlings raised in nursery beds are generally uprooted 
with minimal care, which would cause loss of fine roots and root tips, the portion 
of the root system most important for nutrient uptake. Uprooting from the nursery 
beds recovers less than 50 % of the root system and markedly increases the shoot : 
root ratio (Hu et al., 1996 ). Thus, seedlings would suffer from transplanting stress 
and this leads to interruption of plant growth  (Sand, 1984; Vavrina et al., 1998).  
As a result, the rapid recovery of the plants from transplanting stress is recognized 
as  critical  for  successful  survival  and  for  the  establishment  growth  after 
transplanting. However, the dynamics and dry matter partitioning associated with   102 
root and shoot recovery after transplanting and the effect of Zn application on 
nutritional status and growth of transplanted plants have not been investigated.   
Root pruning at transplanting has been found to reduce vegetative growth 
and dry matter production in a number of plant species (Alexander and Maggs, 
1971; Geisler and Ferree, 1984 Geisler and Ferree, 1984; Bar-Tal et al., 1994a).  
Buttrose and Mullins (1968) showed that the removal of various proportions of 
roots of grapevines caused the decline of shoot dry weight in proportion to the 
degree  of  root  pruning.  Abod  et  al.  (1979)  reported  that  root  pruning  in  pine 
reduced net photosynthesis but it returned to normal rates after an initial decrease. 
Most researchers found that the effect of root pruning on subsequent growth may 
be described by a combination of a lower leaf water potential, reduced mineral 
nutrient  uptake,  reduced  hormone  synthesis,  and  an  increased  proportion  of 
photosynthate translocated to the roots (Humphries, 1958; Alexander and Maggs, 
1971; Richards and Rowe, 1977a). However, once new roots grew and developed, 
shoot growth could attain normal or even higher growth rates (Geisler and Ferree, 
1984).   
In  Chapter  3,  increasing  solution  Zn-HEDTA  concentration  in  solution 
culture from 0 to 0.05 and 5.0 µM increased shoot and root dry matter of both 
direct-sown and transplanted plants. It was suggested that increasing solution Zn 
concentration  stimulated  the  root  recovery  by  increasing  Zn  absorption.  The 
present  study  was  conducted  to  clarify  the  mechanisms  of  root  recovery  after 
transplanting and to assess the effect of Zn supply and root pruning on the rate of 
Zn uptake from chelate-buffered nutrient solution by transplanted oilseed rape.  
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4.3. Materials and methods 
 
4.3.1.  Treatment 
 
Transplanted oilseed rape was grown in chelate-buffered nutrient solution 
and harvested successively at 5-day intervals from 0-25 days after transplanting. 
Treatments  consisted  of  two  levels  of  Zn-HEDTA  {N-(2-hydroxyethyl) 
ethylenedinitrilotriacetic  acid}  (0.02  and  5.0  µM)  and  two  root  treatments 
(unpruned  and 50 % root pruning). Pots were arranged in a complete factorial 
combination and each treatment consisted of 15 replicates. Three replicates were 
selected for each harvest. 
 
4.3.2.  Plant culture 
  Oilseed rape cv. Hyola 42 seeds were germinated in a seedbed of Lancelin 
sand treated with 50 µg Zn kg
-1 soil. Zinc was increased from 30 µg Zn kg
-1 soil 
used in Chapter 2, to minimize Zn deficiency. Before sowing, the soil was leached 
with double deionised water (DDI) water then complete nutrients were added and 
mixed evenly into seedbed soil to provide adequate nutrients for seedling growth. 
Basal fertilizer rates for all nursery bed pots were applied at the following rates 
(mg kg
-1 air dried soil): K2SO4, 174; CaCl2.2H2O, 98; NH4NO3, 93; KH2PO4, 90.7; 
MgSO4.7H2O,  24.6;  MnSO4.7H2O,  8.5;  CuSO4.5H2O,  1.3;  H3BO3,  0.85; 
Na2MoO4.2H2O,  0.4,  and  ZnSO4.7H2O  (Huang  et  al.,  1995).  Only  analytical 
grade chemicals were used. 
When seedlings had 4 leaves, 8 uniform seedlings were transferred to each 
pot  containing  chelate-buffered  nutrient  solution.  Seedling  roots  were  lifted 
gently, the roots were washed free of sand with running water, then rinsed three   104 
times with DDI water, and for half of the plants, 50 % of the root mass was 
removed by cutting roots from the tips to simulate transplanting root damage.  
Seedlings were kept in the shade with their roots kept moist with DDI water in a 
plastic  bag  before  transplanting.  Selected  seedlings  were  transferred  to  5  litre 
plastic pots lined with polythene bags containing Zn-HEDTA and basal culture 
solution.  
The basal culture solution used in this experiment contained (µM): KNO3,, 
2800; NH4NO3, 2000; Ca(NO3)2, 1600; MgSO4, 1000;  KH2PO4, 100; FeEDTA, 
40;  NaCl,  8;  H3BO3,  2;  MnSO4,  2;  CuSO4,  0.5  and  Na2MoO4,  0.08.  The 
macronutrient stock solutions were prepared using analytical grade chemicals and 
triple deionised (TDI-H2O) water. The macronutrients solutions were purified to 
remove residual Zn by complexing with dithiozone in chloroform at pH 6.5 – 7.5, 
then stored in acid-washed plastic bottles (Hewitt, 1996).   
All  pots  were  continuously  aerated  with  filtered  air  and  randomly 
repositioned  every  day  to  minimise  effects  of  position  on  growth.  Root  zone 
temperature was maintained at 20-22 
OC throughout the experimental period using 
a  temperature-controlled  water  bath.  The  pH  of  the  solution  in  each  pot  was 
adjusted as required to 6.0 ± 0.3 with 1.0 M HCl or 1.0 M NaOH. The pH of 
solution was measured every day. At 5 days, seedlings were thinned to six plants 
per pot. The nutrient solutions were renewed and initial pH adjusted to 6.0 every 
10 days   
 
4.3.3.  Harvest procedure   105 
  Seedlings were harvested on day 0 for determination of root and shoot dry 
weight and Zn content. Plants were harvested at 5, 10, 15, 20 and 25 days after 
transplanting (DAT) in a clean room to minimize Zn contamination. Shoots were 
cut about 1 cm from the soil surface. Each plant was separated into shoots and 
roots for determination of dry weight. The two oldest leaves were separated from 
rest of shoots. Roots were washed with DDI water and gently blotted dry with 
tissue paper for measuring the root length, root hairs and root dry weight. Root 
length was measured by using a Comair root length scanner  (Newman, 1966). 
For drying, all plant samples were wrapped in white tissue paper and placed in 
brown paper bags and dried in a stainless steel lined oven. All samples were oven-
dried at  65-70 
OC to constant weight  for dry weight and  plant analysis. 
 
4.3.4. Plant analysis 
  All the dry plant samples were milled in a stainless steel mill and digested 
in concentrated nitric acid at 135 
OC for Zn and P determination by ICP-OES 
(Zarcinas et al., 1987).  
 
4.3.5. Data analysis 
  The experiment was set up as a three-way analysis of variance arranged in 
a  randomized  complete  block.  Pots  were  randomly  selected  for  harvests. 
Significant treatment effects were separated with Fisher’s Protected LSD at P ≤ 
0.05. Mean relative growth rate (RGR) was calculated according to Asher and 
Loneragan  (1966).  Zinc  content  of  shoots  and  roots  were  calculated  by 
multiplying shoot or root Zn concentrations with their respective shoot and root 
dry weights.  Zinc uptake per unit root dry weight was determined by dividing   106 
plant  Zn  content  with  root  dry  weight.  Zinc  absorption  rates  (ZAR)  were 
calculated by the formula of Williams (1948), but were expressed on a root fresh 
weight basis (Loneragan and Snowball, 1969).   
 
4.4. Results 
 
4.4.1. Growth and symptom development 
On day 5, no symptoms of Zn deficiency were observed in any treatment. 
However, plants with 50 % roots pruned exhibited loss of leaf turgour during the 
day and the oldest two leaves senesced: this did not occur in plants with unpruned 
roots. By day 10, plants grown at 5.0 µM Zn-HEDTA  (high Zn) were larger and 
had darker green foliage than those grown at 0.02 µM Zn-HEDTA (low Zn). The 
cotyledon leaves of plants with 50 %  root pruning  had  abscised. 
By day 15, low Zn and 50 % root pruning induced younger leaves were 
yellowish in colour. The older leaves became thicker and dull in appearance. By 
day 20, these symptoms progressively worsened on plants grown at 0.02 µM and 
50 % root pruning. The younger leaves tended to be yellowish in colour and then 
developed a marginal necrosis. And by the end of the experiment, plant grown at 
low solution Zn exhibited symptoms resembling phosphorus toxicity (Loneragan 
et al., 1979), that is reddish-brown spots developed on old leaves (Plate 2.1b see 
Chapter 2). Leaves with reddish-brown spotting eventually yellowed and dropped 
off.  As  a  consequence,  the  newly  formed  leaves  were  smaller,  and  plants 
experienced severe reduction in shoot growth.  
 
4.4.2. Shoot  and  root  dry  weights    107 
  At 5 days after transplanting, root dry weight was significantly reduced by 
low Zn and 50 % root pruning (Table 4.1). There were only additive effects of Zn 
supply and root pruning on  root dry weight responses until day 10,  
 
Table 4.1. Effect of solution Zn-HEDTA concentration  and root pruning on shoot 
and root dry weights  (g plant
-1) of transplanted oilseed rape at 5, 10, 
15,  20  and  25  days  after  transplanting  (DAT)  in  chelate-buffered 
nutrients solution.  
Treatment  Time (days after transplanting) 
Zn Supply 
(µM) 
Pruning 
(%) 
5  10  15  20  25 
Shoot 
0.02 
5.0 
0.02 
5.0 
0 
0 
50 
50 
0.11 
0.12 
0.11 
0.12 
0.20 
0.28 
0.17 
0.23 
0.54 
0.87 
0.45 
0.68 
1.06 
1.79 
0.78 
1.33 
1.32 
2.27 
0.95 
1.67 
LSD (P ≤ 0.05) 
Zn supply      ns   0.06**      0.11**       0.23**        0.24** 
Pruning      ns   0.06*        0.11**       0.23**        0.24** 
Zn x pruning      ns      ns           ns      ns             ns 
 
Root 
0.02 
5.0 
0.02 
5.0 
0 
0 
50 
50 
0.008 
0.011 
0.008 
0.010 
0.029 
0.044    
0.023 
0.033 
0.094 
0.157 
0.067 
0.100 
0.187 
0.354 
0.124 
0.200 
0.255 
0.487 
0.167 
0.269 
LSD (P ≤ 0.05) 
Zn supply         0.002**   0.006**     0.013**       0.037**       0.031** 
Pruning         0.002*     0.006**     0.013**       0.037**      0.031** 
Zn x pruning             ns   ns     0.019**       0.052**      0.044** 
 
[Values are means of three replicates].   
* P ≤ 0.05,  ** P ≤ 0.01,  ns = not significant (P > 0.05) for F test 
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and by the end of experiment  root growth increased from 0.26 g plant
-1 when low 
Zn was supplied  to 0.49 g plant
-1 when high Zn was applied with no root pruning 
(Table 4.1). However, at low solution Zn concentration, root pruning decreased 
root dry weight  from 0.26 to 0.17 g plant
-1. The decline due to pruning was not as 
severe as the effect of solution Zn supply.  
  At 5 days after transplanting, there was no different in shoot dry weight 
(Table 4.1). Significant responses in shoot dry weight to increasing solution Zn 
concentration and to root pruning were just apparent at day 10. The number of 
leaves increased with an increase in the solution Zn. With time the response in 
shoot dry weight to increasing solution Zn-HEDTA became more obvious.  
By day 25 after transplanting, Zn supply had a marked effect on shoot dry 
weight, the average shoot dry weight at 0.02 µM was 42 % of that produced in 5.0 
µM Zn. Root pruning depressed shoot dry matter at 10 days after transplanting 
and at each harvest thereafter. The effect of Zn supply was additive to that of root 
pruning on shoot dry weight at all harvests from day 10.  
 
4.4.3. Relative growth rates 
   The  relative  growth  rates  of  roots  responded  positively  to  Zn  supply 
between  day  0  and  5  and  remained  higher  until  day  20  (Figure  4.1  and  4.2; 
Appendix 4.1). By contrast root pruning had no effect on relative growth rate of 
roots until day 5 -10. The maximum relative growth rate of root was reached at 10 
days  after  transplanting  with  the  combination  of  high  Zn  supply  and  no  root 
pruning. Average relative growth rates of root were almost double those in shoot,    109 
 
 
Figure  4.1.  Effect  of  solution  Zn-HEDTA  concentration  and  root  pruning  on  
relative growth rates of roots (g 100 g
-1 day
-1) of transplanted oilseed 
rape, harvested successively on day 5, 10, 15, 20 and 25. Vertical 
bars represent standard errors of the mean.  
   
  LNP = low solution Zn with no pruning; LP = low solution with 50 
% of root pruning;  HNP = high solution Zn with no pruning; HP =  
high solution Zn with 50 % of root pruning.   
 
Zn supply significant at day 5(LSD=0.7), 10(0.4); 15(0.4), 20(0.6); 
25 = ns 
Pruning significant only at day 10(0.4), 15(0.4), 20(0.6); 5, 25 = ns 
Zn x pruning = ns for all growth periods.  
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Figure  4.2.  Figure  4.1.  Effect  of  solution  Zn-HEDTA  concentration  and  root 
pruning  on    relative  growth  rates  of  shoots  (g  100  g
-1  day
-1)  of 
transplanted oilseed rape, harvested  successively on day 5, 10, 15,  
20  and 25. Vertical bars represent standard errors of the mean. 
 
LNP = low solution Zn with no pruning; LP = low solution with 50 
% of root pruning;  HNP = high solution Zn with no pruning; HP =  
high solution Zn with 50 % of root pruning.    
 
Zn supply significant at day 10(LSD=0.7), 15 (0.6); 5, 20, 25 = ns 
Pruning significant only at day 5 (0.4); 10, 15,20, 25 = ns 
Zn x pruning = ns for all growth periods.  
 
   111 
but by the end of the experiment the relative growth rates of roots were also low 
(5 to 6 g 100 g
-1 day
-1). Initial RGR of shoots was low and failed to respond to Zn 
supply except between day 6 and 15. Pruning only depressed shoot RGR during 
the initial 0 – 5 day period. The maximum RGR of shoots  was attained at 15 days 
after transplanting with the combination of 5.0 µM Zn and no root pruning (23 g 
100 g
-1 day
-1), and the lowest RGR of shoots was obtained at day 25 with the 
combination  of  0.02  µM  Zn  and  50  %  of  root  pruning  (4  g  100  g
-1  day
-1). 
However, effects of Zn and root pruning on RGR of shoots, as with effects on 
roots, were simply additive. 
4.4.4.  Shoot : root ratio 
Increasing solution Zn decreased shoot : root ratio significantly at day 5 
and 10, then  from day 15 until the end of experiment, there was no significant 
effect (Table 4.2). The shoot : root ratio  strongly decreased with time. By day 5, 
Shoot : root ratio declined from 13.1 at 5 DAT to 5.2 at 25 days after transplanting 
for plants grown in low solution Zn. Contrary to the effects of Zn, root pruning 
had no effect on shoot : root ratio at day 5, and by day 10 onward 50 % root 
pruning significantly  (p ≤  0.05) increased shoot : root ratio.    
4.4.5.  Root length and root hair density 
  By day 5, raising solution Zn concentration from 0.02 to 5.0 µM increased 
root length and 50 % of root pruning depressed the root length (Table 4.3). The 
combined effect of low solution Zn-HEDTA and root pruning strongly inhibited 
root  length.  From  15  days  onward,  root  length  recovered  strongly  from  root 
pruning when plants were grown at 5.0 µM Zn.      112 
In  all  harvests,  the  lowest  root  hair  density  was  obtained  from  the 
combination treatment of low solution Zn concentration and root pruning (Table 
4.3). At 5, 10 and 15 DAT, the number of root hairs produced by plants grown at 
0.2 µM Zn was higher than that produced by plants grown at 5.0 µM Zn. However 
by day 20 and 25, plant grown from 5.0 µM Zn had a greater root hair density 
than plants grown from 0.2 µM Zn. Therefore, at 25 days after transplanting low 
solution Zn concentration and root pruning depressed the root hair density.   
 
Table  4.2.  Effect  of  solution  Zn-HEDTA  concentration  and  root  pruning  on   
shoot : root ratio of transplanted oilseed rape at 5, 10, 15, 20 and 25 
days after transplanting (DAT)  in chelate-buffered nutrient solution.   
 
Treatment  Time (days after transplanting) 
Zn Supply 
(µM) 
Pruning 
(%) 
5  10  15  20  25 
0.02 
5.0 
0.02 
5.0 
0 
0 
50 
50 
13.1 
10.8 
14.3 
11.4 
7.0 
6.2 
7.5 
7.1 
5.8 
5.6 
6.7 
6.7 
   5.6 
4.9 
6.5 
6.4 
5.2 
4.7 
5.7 
5.6 
LSD (P ≤ 0.05)     
 
Zn supply            0.49**    0.20*            ns        ns             ns 
Pruning             ns    0.20*          0.16*     0.20*         0.19* 
Zn x root treatment           ns      ns             ns        ns             ns 
 
[Values are means of three replicates]. 
* P ≤ 0.05,  ** P ≤ 0.01,  ns = not significant (P > 0.05) for F test. 
 
4.4.6.  Nutrient concentrations  in plant parts 
Zinc   113 
Root pruning decreased root Zn concentration at all harvests except at 5 
days  for  low  Zn  supply  (Table  4.4).  Increasing  solution  Zn  concentration 
increased root Zn concentration of transplanted oilseed rape at all harvests. At 
most harvests, Zn concentration in roots was lowest with root pruning and low 
solution Zn.  
 
Table 4.3.  Effect of  solution Zn-HEDTA concentration  and root pruning on root 
length (m plant
-1) and  root hair density (number g
-1 root fresh weight)  
of  transplanted  oilseed  rape  at  5,  10,  15,  20  and  25  days  after 
transplanting (DAT) in chelate-buffered nutrient solution.  
 
Treatment  Time (days after transplanting) 
Zn Supply 
(µM) 
Pruning 
(%) 
5  10  15  20  25 
Root length 
0.02 
5.0 
0.02 
5.0 
0 
0 
50 
50 
0.68 
0.86 
0.27 
0.36 
1.46 
2.65 
1.16 
2.18 
2.71 
3.68 
2.17 
3.12 
6.18 
6.38 
4.75 
6.29 
7.06 
9.10 
5.63 
8.63 
 
LSD (P ≤ 0.05)     
 
Zn supply            0.20*       0.41**       0.32**         0.43*          0.34** 
Pruning            0.20*       0.41**       0.32**         0.43**        0.34** 
Zn x root treatment            ns     ns           ns    0.61**        0.48** 
Root hair density 
0.02 
5.0 
0.02 
5.0 
0 
0 
50 
50 
1018 
686 
278 
392 
1197 
807 
361 
587 
2677 
2145 
1243 
1327 
3376 
4442 
3043 
3308 
3518 
4612 
3394 
3531 
 
LSD (P ≤ 0.05) 
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Zn supply           19 **         13**           22**        96*          85** 
Pruning           19**          13**           22**        96**        85** 
Zn x pruning           27**          18**          32**       137**     120** 
[Values are means of three replicates]. 
* P ≤ 0.05,  ** P ≤ 0.01,  ns = not significant (P > 0.05) for F test.   115 
Generally,  root  pruning  decreased  shoot  Zn  concentration  (Table  4.4). 
Raising  solution  Zn-HEDTA  concentration  from  0.02  to  5.0  µM  consistently 
increased  Zn  concentration  in  shoots.  The  combination  of  low  Zn  (0.02  µM) 
supply and 50 % root pruning resulted in lower shoot Zn concentration, especially 
from day 15.  
Increasing solution Zn-HEDTA concentration increased ZAR. Removal of 
50 % of the roots depressed ZAR over the periods 0 – 5 and 15 – 20 days but this 
effect was not significant during other periods of growth (Table 4.5).   
There was a sharp increase in shoot Zn content with an increase of Zn-
HEDTA in solution (Appendix 4.2) at all harvests. Highest shoot Zn content was 
recorded in the combination treatment of high Zn (5.0 µM) and root pruning, 
while  low  solution  Zn  and  root  pruning  had  the  lowest  shoot  Zn  content. 
However, there was no interaction between Zn rates and root pruning across all 
harvests. 
 
Phosphorus 
  Solution  Zn-HEDTA  concentration  and  root  pruning  had  substantial 
effects on P concentration in old leaves of transplanted oilseed rape (Table 4.6). 
Plants grown at 0.02 µM Zn achieved a higher P than plants grown with 5.0 µM 
Zn. However, root pruning had little effect on P concentration in their old leaves. 
The concentration of P increased with time especially with low Zn solution. The 
effects of Zn added and root pruning on leaf P were additive.   
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Table 4.4.  Effect of  solution Zn-HEDTA concentration  and root pruning on Zn 
concentration  (mg  kg
-1)  in  shoots  and  roots  of  transplanted  oilseed 
rape at 5, 10, 15, 20 and 25 days after transplanting (DAT)  in chelate-
buffered nutrient solution.  
 
Treatment  Time (days after transplanting) 
Zn Supply 
(µM) 
Pruning 
(%) 
5  10  15  20  25 
Shoot Zn concentration 
0.02 
5.0 
0.02 
5.0 
0 
0 
50 
50 
13.4 
28.2 
13.4 
21.9 
16.2 
41.8 
15.3 
40.3 
23.5 
57.9 
18.3 
54.6 
31.2 
62.7 
21.7 
61.4 
33.9 
70.0 
23.0 
64.3 
 
LSD (P ≤ 0.05)     
 
Zn supply             0.7**    0.4**           0.3**     0.4**          0.3** 
Pruning             0.7*           ns               0.3**         0.4**          0.3** 
Zn x root treatment           ns     ns            0.4*     0.6**          0.4** 
Root Zn concentration 
0.02 
5.0 
0.02 
5.0 
0 
0 
50 
50 
14.7 
41.7 
14.4 
39.6 
16.8 
44.6 
16.2 
42.6 
20.4 
60.8 
19.1 
56.8 
34.1 
68.9 
22.8 
63.5 
36.9 
72.5 
26.1 
67.0 
 
LSD (P ≤ 0.05)   
 
Zn supply            0.4**    0.3**            0.4**       0.5**         0.6** 
Pruning            0.4**    0.3*             0.4**       0.5**         0.6** 
Zn x root treatment          0.6**     ns             0.5*           0.8*           0.9* 
[Values are means of three replicates]. 
* P ≤ 0.05,  ** P ≤ 0.01,  ns = not significant (P > 0.05) for F test. 
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Table 4.5. Effect of solution Zn-HEDTA concentration and root pruning on Zn 
absorption  rate  (mg  kg
-1  root  fresh  weight  day
-1)  by  transplanted 
oilseed rape at 5, 10, 15, 20 and 25 days after transplanting (DAT) in 
chelate-buffered nutrient  solution.  
 
Treatment  Time (days after transplanting) 
Zn Supply 
(µM) 
Pruning 
(%) 
5  10  15  20  25 
0.02 
5.0 
0.02 
5.0 
0 
0 
50 
50 
 5.1 
25.2 
 3.8 
21.8 
     3.7     
12.3 
 3.2 
12.0 
3.4 
8.4 
2.0 
7.9 
1.7 
2.5 
1.2 
1.8 
1.0 
1.5 
0.8 
1.4 
LSD (P ≤ 0.05)     
 
Zn supply           0.6**   0.5**         0.4**     0.2**        0.2** 
Pruning           0.6*            ns              ns                0.2*          ns  
Zn x root treatment         ns               ns          ns                 ns          ns 
 
[Values are means of three replicates]. 
P ≤ 0.05,  ** P ≤ 0.01,  ns = not significant (P > 0.05) for F test. 
 
4.4.7.  Solution pH 
Generally,  plants  supplied  with  5.0  µM  Zn  lowered  the  solution  pH 
slightly more than with 0.02 µM Zn by 0.7 units. Similarly with unpruned roots, 
pH  declined  more  than  with  pruned  roots  (Figure  4.3)  by  about  0.8  units.  
Between 10 and 20 days, the decline in pH was greater for all treatments by 0.1 to 
0.2  units  than  for  the  period  0  –  10  days.  Throughout  the  remainder  of  the 
experiment period, plants continued to decrease solution pH. The decrease in pH 
was greater with high Zn supplied, and when roots had not been pruned before 
transplanting.    118 
Table  4.6.  Effect  of  solution  Zn-HEDTA  concentration  and  root  pruning  on 
phosphorus  (P)  concentration  in  the  two  oldest  leaves  (g  kg
-1)  of 
transplanted  oilseed  rape  at  5,  10,  15,  20  and  25  day  after 
transplanting (DAT) in chelate-buffered nutrient solution.   
 
 
Treatment  Time (days after transplanting) 
Zn Supply 
(µM) 
Pruning 
(%) 
5  10  15  20  25 
0.02 
5.0 
0.02 
5.0 
0 
0 
50 
50 
4.2 
4.2 
4.1 
4.2 
5.4 
4.3 
5.5 
4.6 
6.4 
5.1 
6.2 
5.6 
6.8 
5.7 
7.0 
5.4 
7.4 
6.5 
7.4 
6.2 
 
LSD ( P ≤ 0.05)     
 
Zn supply                 ns       0.1**  0.1**       0.1**      0.1** 
Pruning                 ns        ns               ns        ns           ns 
Zn x root treatment               ns        ns               ns        ns           ns 
[Values are means of three replicates]. 
* P ≤ 0.05,  ** P ≤ 0.01,  ns = not significant (P > 0.05) for F test. 
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Figure  4.3.  Effect  of  solution  Zn-HEDTA  concentration  on  pH  change  after 
growing  transplanted  oilseed  rape  for  up  to  25  days  after 
transplanting. (LU= 0.02 µM Zn, without pruning; HU= 5.0 µM Zn,  
without pruning;  LP= 0.02 µM Zn, 50 % root pruning;  HP= 5.0 µM 
Zn, 50 % of root pruning). [Values are means of three replicates].    119 
4. 5. Discussion 
 
 
4.5.1. Response of transplanted oilseed rape to external zinc and root pruning   
 
  Previous experiments in soil (Chapter 2) and solution culture (Chapter 3) 
have shown that transplanted oilseed rape required higher external Zn compared  
to direct-sown plants. It was hypothesized that transplanted plants required higher 
external  Zn  supply  due  to  the  damage  of  the  root  system  at  transplanting,  an 
increase in shoot: root ratio, and because pruning of root tips and root length at 
transplanting inhibited Zn uptake.  
  Solution Zn-HEDTA application previously has been reported to increase 
shoot dry weight of barley  (Norvell and Welch, 1993) and chickpea (Khan et al., 
1998a). In the present study at 5 days after transplanting, Zn supply did not effect 
shoot  growth,  but  by  10  days  after  transplanting  and  onward,  there  was  a 
substantial increase in shoot growth with higher Zn supply. By contrast, from 5 
days onwards, high Zn supply increased root dry weights. The increase in root 
relative growth rate from day 0 – 5 probably had a large bearing on the subsequent 
effects on root dry weights, even though high solution Zn consistently increased 
relative growth rate of roots until day 20. Hence roots responded more rapidly 
than shoots to low external Zn supporting the previous conclusions that the higher 
Zn  requirement  of  transplanted  oilseed  rape  was  due  to  the  root  requirement 
(Chapter 2 and 3).   
  Root  recoveries  began  immediately  after  transplanting  as  reflected  in 
higher relative growth rate from day 0 – 5, and increasing Zn in solution increased 
root dry matter at day 5. Shoot relative growth rates from 0 – 10 days in the   120 
present study were low regardless of their Zn status, but by 10 – 15 DAT, they 
had recovered and reached maximum values. The retranslocation of stored and 
fixed carbohydrates to roots from shoots may be the main reason for low relative 
growth rate of shoots from day 0 – 10. During the regeneration of the root system 
in  previous  studies,  the  proportion  of  photosynthates  translocated  to  the  root 
increased  (Maggs,  1964;  Richards  and  Rowe,  1974a).  Old  leaves  senescence 
observed in the plants after transplanting suggested loss of stored carbohydrates 
from the shoot. High solution Zn appeared to hasten the recovery of shoot growth 
rates after transplanting. Thus partial recovery of shoot relative growth rate was 
evident during the period 5 – 10 days with adequate solution Zn but not with low 
Zn. It appears that the early growth response of shoots to increasing external Zn 
was secondary response, whereas the primary effect was on root growth. 
  Welch and Norvell (1993) pointed out that Zn plays an important role in 
regulating  ion  uptake  by  plant  roots.  Adequate  Zn  in  the  external  solution  is 
necessary to maintain membrane integrity and  may be especially beneficial to 
alleviate the effects of transplanting on ion uptake by roots. In soil, nearness of the 
Zn supply to the roots of the transplanted seedlings would be required as a prior 
condition for rapid root growth after transplanting (Rayes and Brinkman, 1968). 
The effect of adequate Zn in the nursery bed on post-transplanting growth will be 
examined in more detail in Chapter 5.  
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   As  a  consequence  of  root  pruning,  the  relative  growth  rate  of  roots 
declined after transplanting (Figure 4.1) and so too did shoot relative growth rates. 
Whereas root dry weight was depressed at 5 days by root pruning, relative growth 
rate of roots during the period day 0 – 5 was not.  
  Previously root pruning has been shown to reduce vegetative growth in a 
number of plant species (Geisler and Ferree, 1984; Ferree et al., 1999) such as 
barley and rye plants  (Humphries, 1958); sweet orange seedlings (Alexander and 
Maggs,  1971);  peach  seedlings  (Richards  and  Rowe,  1977a);  and  apple  trees 
(Geisler  and  Ferree,  1984).  During  the  early  growth  stage,  the  effect  of  root 
pruning could be explained by the retardation of the nutrient uptake by roots. The 
present  experiment  indicated  that  root  pruning  increased  root  hair  density  but 
decreased  root  length.  However,  neither  of  these  two  changes  in  root 
characteristics  explain  the  decline  in  Zn  absorption  rate  which  accounts  for 
differences in root size and should respond positively rather than negatively to 
increased root hair density.  
Richards and Rowe (1977b) found that even if root length was comparable 
for pruned and unpruned roots, root number was depressed. Thus, root pruning 
may decrease root surface areas to mass ratio, and lead to decreased Zn uptake by 
plant roots. However, it seems more likely that the impairment of Zn uptake was 
related to the kinetics of uptake rather than root morphology. The lower shoot 
relative growth rate and leaf senescence between day 0 – 5 in plants with pruned 
roots may be significant for Zn uptake since it suggests that root growth was a 
major sink for carbon. Inadequate carbohydrates for metabolism may slow Zn 
uptake  in  plants  with  root  pruned.  Decreased  leaf  area  would  exacerbate  the   122 
shortage  by  decreasing  current  photosynthesis.  The  synthesis  of  growth 
substances such as cytokinins occurs in root tips (Richards and Rowe, 1977a; 
Geisler and Ferree, 1984). Thus the damage of root system at transplanting or root 
pruning that removed the root tips, removes the part of the roots with the highest 
concentration of cytokinins. The implications of a decrease in cytokinin levels for 
shoot and root growth after transplanting are not clear.  
Root pruning disturbed the shoot : root ratio of transplanted oilseed rape  
(Table 4.2). Shoot : root ratio decreased substantially with time, so that at 25 days 
plants  with 50 % root pruning  had a slightly lower, but generally comparable 
shoot : root ratio  to  those with the intact root. As in the previous Chapter when 
the roots had recovered from transplanting, the favourable shoot : root ratio was 
constant (Table 4.1) at about 5. The recovery of shoot : root ratio in solution 
culture  was obtained at approximately 7-leaf stage: it was slower in  plants grown 
in soil culture taking until 10 leaf stage (Chapter 2). These result was consistent 
with the report by Richards and Rowe  (1977b) who stated that plants with pruned 
roots  had  a  high  shoot  :  root  ratio,  yet  soon  after  transplanting  plants  re-
established  their  root  growth  by  redistributing  carbon  and  growth  substances    
(Geisler and Ferree, 1984). In other root systems, stored starch and carbohydrates 
were translocated rapidly to roots once new roots developed (NeSmith, 1999). The 
apparent  root  recovery  involved  a  redistribution  of  growth  substances  and 
increased  assimilate  translocation  to  the  root.  By  contrast,  Robbins  and  Pharr 
(1988) reported that when root growth was restricted in cucumber it induced an 
accumulation of starch in leaves of plants due to the starch transported back from 
the root  system.    123 
Humphries  (1958)  found  that  50  %  root  pruning  had  no  effect  on  the 
relative growth rate of roots compared to the roots of the intact plant, in contrast 
the shoot growth rate declined. The present experiment did not agree with the 
result above, they showed a negative effect of root pruning on relative growth rate 
of shoot from 0 – 5 days after transplanting but from 10 days onward there was 
mostly no significant effect. By contrast, relative growth rate of roots during days 
0 – 5 and 21 – 25 after transplanting showed no significant effect of root pruning, 
but from 6 to 20 days after transplanting was depressed by root pruning. It was 
concluded  that  at  25  days  after  transplanting,  roots  had  fully  recovered  so  no 
difference was found between unpruned and pruned roots in relative growth rate. 
However,  because  root  pruning  decreased  the  root  dry  weight  at  5  days  after 
transplanting, at the end of experiment root dry weight of pruned roots was still 
only 70 % of that in unpruned roots.  
Root pruning depressed both Zn concentration and Zn content in shoots 
and roots. When 50 % of roots were removed, Zn relative absorption rate by the 
roots  declined.  The  Zn  absorption  rate  declined  with  time,  and  there  was  no 
significant difference in ZAR at the end of experiment between plants which had 
their roots pruned and those with intact roots. The relationship between ZAR and 
plant growth depends on the ability of plant to transport absorbed Zn to meet 
functional  Zn  requirements  of  the  developing  tissue  and  root  system.  High 
solution Zn partly compensated for the effect of root pruning on ZAR. Hence, it is 
plausible to conclude that root pruning impaired the ability of roots to absorb Zn 
and increased sensitivity of plant growth to Zn deficiency after transplanting.   124 
In this present study, plant lowered the pH of their solution regardless of 
solution  Zn  or  root  pruning  but  particularly  with  no  pruning  and  high  Zn. 
Renewing the culture solution on day 11 appeared to have little effect on the 
pattern of pH change due to either solution Zn concentration or 50 % root pruning. 
By  the  end  of  the  experiment,  solution  pH  was  declined  about  0.8  pH  units. 
Greater decline in solution pH with unpruned roots could have implications for Zn 
availability and uptake by transplanted oilseed rape. However, the results were 
confounded by the greater dry matter of plants grown with high Zn and unpruned 
roots, and so could reflect a greater gap between cation and anion uptake. The 
implications of root induced pH change for Zn uptake of transplanted oilseed rape 
require further investigation. 
4.6. Conclusion 
Low  solution Zn  and  50  %  root  pruning  depressed  shoot  and  root  dry 
weights. Plants without pruning had a higher Zn concentration and Zn content in 
their shoots and root after transplanting. Lack of pruning and high solution Zn 
hastened the recovery of root and shoot growth. During the growth period, the 
root dry weight of plants with pruned roots recovered to only 70 % of that with 
unpruned roots. High solution Zn alleviated but did not fully overcome the effects 
of pruning on growth of transplanted oilseed rape.  
Factors such as increased external Zn supply or lack of root pruning hasten 
root recovery. However, it is possible that application of Zn in the nursery bed 
could  stimulate  the  root  recovery  after  transplanting  (Chapter  5).  In  the  prior 
experiments, reported in this thesis, external Zn levels supplied in the nursery to   125 
oilseed  rape  seedlings  were  deficient  or  marginal.  In  addition,  it  appears  that 
solution acidification was impaired by root pruning and low solution Zn. This 
may have implications for Zn uptake after transplanting in soil where rhizosphere 
modification could have significant effects on Zn availability. Hence, it would be 
worthwhile  to  examine  the  rhizosphere  modification  including  organic  acids 
released by growing roots after transplanting and their response to Zn supply and 
root pruning  (Chapter 6).  
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CHAPTER 5 
  
SEEDBED ZINC NUTRITION AFFECTS THE EARLY GROWTH OF 
TRANSPLANTED OILSEED RAPE IN CHELATE-BUFFERED 
 NUTRIENT SOLUTION 
 
 
5.1. Abstract 
 
  Previous results (Chapter 4)  indicated that root pruning  inhibited Zn 
uptake and  root and shoot growth after transplanting suggesting that this might be 
the main reason why transplanted oilseed rape has an increased external Zn 
requirement for post-transplanting growth. The higher external Zn was required 
particularly for root growth. The aim of this present study was to examine whether 
increasing the seedling Zn content at transplanting would hasten new root growth 
of transplanted oilseed rape and therefore would alleviate the need for increased 
external Zn requirement for post-transplanting growth.   
In a glasshouse experiment, seedlings raised at 2 rates of seedbed Zn 
concentration 50 (low) and 90 (adequate) µg Zn kg
-1 air dry soil, were transferred 
at 4-leaf stage to chelate-buffered nutrient solution containing low and adequate 
levels of Zn-HEDTA (0.02 and 5.0 µM) with or without root pruning (0, 50 %) 
immediately before transplanting.   
Plants grown from the high seedbed Zn had increased post-transplanting 
growth especially of roots. Shoots and roots responded positively to increased 
solution Zn supply after transplanting, and root pruning suppressed root and shoot 
dry matter, root length, and root hair density especially at low solution Zn. The 
effect of seedbed and post-transplanting Zn supply on shoot and root growth was  
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additive after 20 days of growth. Hence, it was concluded that adequate Zn in the 
seedbed enhanced plant growth after transplanting by stimulating the new root 
growth, and hastening the root recovery. However, increasing Zn concentration 
and content in nursery seedlings could only partially alleviate the inhibition of 
post-transplanting growth on low Zn substrates.  
5.2. Introduction   
 
For transplanted crops, seedbed nutrient supply is a factor that contributes 
to the seedling vigour, particularly for root recovery from transplanting stress. 
Previous research has reported that transplanted crops are inefficient at recovering 
nutrients from broadcast fertilizers (Costigan and Heavyside, 1988; Stone et al., 
1999). As a consequence, fertilisation strategies for such crops should consider 
their nutrient requirements in the nursery in order to obtain high vigour seedlings 
for transplanting.  
Melton and Dufault (1991) indicated that pre –transplant fertilization 
would influence post-transplant growth and yield of tomato and many other 
vegetables crops (Dufault, 1986; Dufault, 1997). In addition Bouma and Dowling 
(1966a,b) showed that the N, P, K, S, Ca and B status of subterranean clover 
seedling had a significant effect on their leaf growth after transplanting into 
nutrient solutions. It has been suggested that the seedbed Zn concentration may 
also affected the early growth of transplanted oilseed rape particularly for the root 
recovery of the seedlings after transplanting  (Chapter 2). The impact of Zn supply 
to the nursery on root recovery and early establishment growth has not been 
previously investigated. Alternatively, by loading nutrients in seedlings in the  
  128
seedbed prior to transplanting it may be possible to stimulate post-transplanting 
growth provided that nutrients can be readily retranslocated to growing points in 
roots and shoots.  
The phloem mobility of Zn is variable. When plants have a sufficient Zn 
supply, Zn concentrations are higher in growing tissue compared to the mature 
tissue, and within the shoots, Zn may be accumulated temporarily in the stem 
during the increase of Zn supply (Pearson and Rengel, 1994). McGrath and 
Robson (1984) reported that Zn which accumulated in the stem of Pinus radiata 
seedlings was redistributed within three days to the leaves. However, they found 
that no Zn was redistributed from old leaves at any level of Zn supply.  
  By contrast, Riceman and Jones (1958) have shown that Zn was 
transported out of the cotyledons in subterranean clover and first true leaves 
particularly in the Zn adequate plants. Longnecker and Robson (1993) suggested 
that the ability of plants to utilize Zn already incorporated in the roots and shoots 
is dependent on Zn supply. Thus the ability of seedlings to utilize Zn stored in its 
tissues will depend on Zn supply at post-transplanting. Therefore the relationship 
between Zn concentration in the plant tissues, remobilisation and phloem mobility 
is complex.  
This study was conducted to test whether high Zn concentration in 
transplanted seedlings would benefit seedling growth after transplanting and offset 
the need for higher external Zn supply. The objectives of the present study were to 
examine whether increasing the seedbed Zn concentration would hasten the root 
recovery growth and function of oilseed rape after transplanting growth.  In  
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addition, the experiment aimed to assess the impact of Zn supply in the solution 
and root pruning on Zn distribution, and nutrient status of transplanted oilseed 
rape grown in chelate-buffered nutrient solutions. 
 
5.3. Materials and methods 
 
5.3.1. Treatment 
Oilseed rape cv. Hyola 42 seeds were sown into a seedbed treated with 2 
levels of Zn as ZnSO4.7H2O: 50 (low) and 90 (adequate) µg Zn kg
-1 air dry soil 
chosen from results of the Zn response experiment in Chapter 2 (see Table 2.7). 
Seedlings were transplanted into Zn treated solution when seedlings had four 
leaves. Pots were arranged in a complete factorial combination comprising two 
solution Zn-HEDTA or {N-(2-hydroxyethyl) ethylenedinitrilotriacetic acid} 
concentrations (0.02 and 5.0 µM), with or without pruning of 50 % of root mass. 
All treatments were replicated four times. 
 
 5.3.2.  Plant culture 
  The basal culture medium used in this experiment, and treatment of 
solutions to remove contaminant Zn, were described previously in Chapter 2. 
Before sowing seeds, Lancelin sand was leached with DDI water and complete 
nutrients were added and mixed into seedbed soil to provide adequate nutrients for 
seedling growth. Basal fertiliser rates for all pots were applied at the following 
rates (mg kg
-1 air dried soil): K2SO4, 174; CaCl2.2H2O, 98; NH4NO3, 93; KH2PO4, 
90.7; MgSO4.7H2O, 24.6; MnSO4.7H2O, 8.5; CuSO4.5H2O, 1.3; H3BO3, 0.85;   
Na2MoO4.2H2O, 0.4, and 50 µg Zn kg
-1 soil (Huang et al., 1995). Only analytical  
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grade chemicals were used. At 4-leaf stage (32 days after sowing), roots were 
lifted gently, and washed free of soil with running DDI water. Seedlings were kept 
in the shade with their roots in a plastic bag for several hours before transplanting. 
Half of the plants had 50 % of their root mass removed by trimming roots from 
the tips. 
  
  Eight seedlings were transferred to triplicate 5 litre plastic pots lined with 
polythene bags containing two levels of Zn-HEDTA (0.02 and 5.0 uM) and basal 
culture medium. The pH of the media in each pot initially was 6.0. Subsequently 
pH was measured daily and adjusted to 6.0± 0.3 with 1.0 M HCl or 1.0 NaOH.  
Plants were grown in a full-strength  nutrient solution ( see Chapter 4) for 20 days. 
Nutrient solutions were replaced with fresh solution every week. All pots were 
continuously aerated with filtered air and randomly re-positioned in the water bath 
maintained at 20 - 22 
○C every day throughout the experimental period. After 5 
days, seedlings were thinned to six per pot.   
 
5.3.3.  Harvest procedure 
  
  Plants were harvested at 20 days after transplanting (DAT) in a clean room 
to avoid Zn contamination. Plant samples were gently washed three times in DDI 
water, then blotted dry. Each plant was separated into shoots and roots, shoots 
were divided into the youngest fully expanded leaf (YFEL), the two oldest leaves 
(OL) and rest of shoots (ROS). Roots were rinsed with DDI water and gently 
blotted dry with tissue paper for measuring the root length, root hairs and root dry 
weight, using procedures described in Chapter 3.   
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All plant samples were wrapped in white tissue paper and placed in brown 
paper bags, then dried in a stainless steel lined oven. All samples were oven-dried 
at 65 - 70 
OC
 (48 hours or until constant weight was achieved) for dry weight  
determination prior to plant analysis. 
5.3.4.  Plant analysis 
  All dry plant samples were prepared, digested and analysed for Zn as 
described in Chapter 2, and for phosphorus as in Chapter 3. References samples of 
plant materials with known Zn and P concentrations were carried through with 
each batch of samples to verify the accuracy and precision of analysis. 
5.3.5. Data analysis 
  The experiment was laid out as complete randomised block and analysed 
as a three-way analysis of variance. Significant treatment effects will be separated 
with Fisher’s Protected LSD at P ≤ 0.05. Mean rates of relative growth rate (RGR) 
were calculated according to Asher and Loneragan (1966). Zinc and P content of 
shoots and roots were calculated by multiplying shoot or root Zn or P 
concentration with shoot or root dry weights,  respectively. 
5.4. Results 
5.4.1.  Plant  growth  in the seedbed 
Seedlings grown with the high  level of seedbed Zn supply (90 µg Zn kg
–1   
air  dry  soil) had greater shoot and root fresh and dry weights compared to those 
of  seedlings grown from low seedbed Zn (50 µg  Zn kg
-1 air dry soil) (Appendix  
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5.1). Seedlings grown with low seedbed Zn were smaller in size, and at 
transplanting  their cotyledon leaves  were yellowish.  
 
5.4.2.  Post-transplanting  growth response  
  Survival of seedlings after transplanting was unaffected by  seedbed   
supply Zn. Leaf  wilting in  plants with their roots pruned  occurred daily for  up  
to one  week after transplanting, but without  root pruning,  the leaf  wilting lasted  
only 4 days.  
Typical  Zn  deficiency symptoms such as reduction  in growth, chlorosis 
of younger leaves, followed by necrosis of leaf  margins, first appeared at  2 
weeks after transplanting in plants grown at low seedbed Zn and  transplanted into 
the low solution Zn concentration (0.02 µM).  Deficiency symptoms were worse 
when seedlings also had 50 % of roots pruned. The symptoms of Zn deficiency 
were not found in plants transplanted from high seedbed Zn.  
The highest shoot and root dry weights were attained with high seedbed 
Zn supply combined with high Zn supply in solution and no pruning: the lowest 
were obtained with the combination of low seedbed Zn, low Zn supply and 50 %  
root pruning (Table 5.1). Pruning strongly inhibited root growth when plants were 
transplanted into low Zn solutions. Inhibition of post-transplanting root growth in 
low Zn solution was almost completely alleviated by high seedbed Zn and 
avoiding root pruning.  
The shoot : root ratio of transplanted seedlings increased markedly with 
adequate seedbed Zn  concentration, and Zn supply in the solution, but the root  
  133
pruning effect on the shoot : root ratio at 20 days after transplanting varied with 
Zn supply (Table 5.1). Shoot : root ratio increased most strongly in response to Zn 
supply (P ≤ 0.05). There was no interaction between seedbed Zn and root pruning. 
By contrast, shoot : root ratio increased with root pruning when supplied with 
adequate Zn, but decreased at low Zn supply. The lowest shoot : root ratio was  
obtained with  the combination of  low seedbed Zn, low Zn supply and no root  
pruning,  whilst the highest  was with high  Zn  seedbed, high  Zn supply and no 
root pruning. 
The relative growth rate (RGR) of root was greater compared with the 
RGR of shoot in all treatments (Figure 5.1).  Plants grown from low seedbed Zn 
had a lower RGR of shoot compared with plants grown from high seedbed Zn 
concentration, but RGR of roots was unresponsive to seedbed Zn. Relative growth 
rate of roots and shoots increased significantly when seedlings were transferred to 
high Zn solution. Low seedbed Zn and 50 % root pruning did not inhibit the RGR 
when transferred to high solution Zn. There was no interaction between seedbed 
Zn concentration, solution Zn level and root pruning.  
 
5.4.3.  Root length and root hair density 
   Plants grown from high seedbed Zn supply showed a greater root length 
than those of plants grown from low seedbed Zn except in unpruned plants grown 
with adequate solution Zn (Table 5.2). Root lengths varied more than two-fold 
from 2.9 m plant
-1 when plants were grown with low seedbed Zn, low seedbed Zn 
supply and 50 % root pruning to 6.4 m plant
-1 at high seedbed Zn, high Zn supply  
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in solution and without root pruning. Root length was especially depressed when   
seedlings from the low Zn seedbed were pruned, and transplanted into low 
solution Zn. Transplanting high seedbed Zn plants into the same conditions 
substantially increased root length. 
 
 
Table 5.1.  Effect of seedbed Zn, Zn concentration in solution and root pruning on 
shoot and root dry weights of transplanted oilseed rape at 20 days after 
transplanting.  
 
Zn treatment 
Seedbed 
(µg kg
-1) 
Zn conc. 
(µM) 
Pruning 
(%) 
Shoot 
(g plant
-1) 
Root 
(g plant
-1) 
Shoot:root 
 
50 
90 
 
50 
90 
 
50 
90 
 
50 
90 
0.02 
0.02 
 
0.02 
0.02 
 
5.0 
5.0 
 
5.0 
5.0 
50 
50 
 
0 
0 
 
50 
50 
 
0 
0 
0.70 
0.78 
 
0.72 
1.05 
 
1.08 
1.33 
 
1.22 
1.52 
0.11 
0.12 
 
0.14 
0.18 
 
0.17 
0.17 
 
0.17 
0.19 
6.4 
6.5 
 
5.1 
5.8 
 
6.4 
7.8 
 
7.2 
8.1 
LSD (P ≤ 0.05) 
 
Seedbed Zn                 0.17**          0.02**          0.19** 
Zn conc.                   0.17**          0.02**          0.19** 
Root pruning                 0.17**          0.02**           ns 
Seedbed Zn x Zn concentration           ns          ns                     0.25* 
Seedbed Zn x root pruning              ns                    ns           ns 
Zn conc.x root pruning             ns          0.03*               0.25* 
Seedbed Zn x Zn conc.x root pruning         ns          ns           ns 
[Values are means of three replicates]. 
* P ≤ 0.05,  ** P ≤ 0.01,  ns = not significant (P > 0.05) 
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Figure 5.1. Effect of seedbed zinc concentration, zinc level and root pruning  on 
relative growth rates of shoots and roots  of transplanted oilseed rape 
for the 20 days post-transplanting growth period.  
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  Plants grown from low seedbed Zn supply produced a greater density of 
root hairs than those plants grown from high seedbed Zn concentration, except 
when pruned and transplanted into low Zn solution (Table 5.2). The greatest 
number of root hairs was obtained with low seedbed Zn, high Zn supply in 
solution and no root pruning, whilst the lowest was attained at high seedbed Zn, 
low Zn supply in solution and 50 % of root pruning. Thus, whilst low Zn in the 
seedbed generally stimulated root hair density, low Zn in the solution after 
transplanting had the opposite effect.  
 
5.4.4.  Nutrient concentration in plant parts 
Zinc 
Increasing seedbed Zn concentration from 50 to 90 µg kg
-1 soil increased the 
concentration of Zn in the shoots, roots, the youngest fully expanded leaf (YFEL) 
and the old leaf (OL) (Table 5.3). The combination treatment of low seedbed Zn, 
low solution Zn and root pruning strongly depressed Zn uptake and resulted in the 
lowest Zn concentration in the shoot, root, YFEL and OL. Zinc concentrations 
were strongly increased with increased Zn supply in solution both in shoots and 
roots, and 50 % of  root pruning significantly  reduced Zn concentration in shoots 
and roots especially when transplanting into low Zn solution (Table 5.3). 
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Table 5.2.  Effect of seedbed Zn, Zn concentration in solution and root pruning on 
root length (m plant
-1), specific root length (m g
-1 root fresh weight) 
and root hair density (number g
–1 root fresh weight) of transplanted 
oilseed rape at 20 days after transplanting.  
Zn treatment 
Seedbed 
(µg kg
-1) 
Zn conc. 
(µM) 
Pruning 
(%) 
Root length 
(m plant
-1) 
Specific root 
length 
(m g
-1 FW) 
Root hair 
(no.g
-1) 
50 
90 
 
50 
90 
 
50 
90 
 
50 
90 
0.02 
0.02 
 
0.02 
0.02 
 
5.0 
5.0 
 
5.0 
5.0 
50 
50 
 
0 
0 
 
50 
50 
 
0 
0 
2.9 
4.8 
 
4.5 
5.8 
 
6.0 
6.3 
 
6.2 
6.4 
2.4 
5.0 
 
2.8 
4.8 
 
3.9 
5.0 
 
4.0 
5.3 
3097 
3043 
 
4931 
3376 
 
4146 
3308 
 
5316 
4442 
LSD (P ≤ 0.05) 
 
Seedbed Zn               0.23**          0.10**          80** 
Zn conc.                 0.23**          ns                     80** 
Root pruning               0.23**          0.10**          80** 
Seedbed Zn x Zn conc.           0.33**          ns                     ns 
Seedbed Zn x root pruning            0.33**              0.14**           ns 
Zn conc. x root pruning            ns            ns                    113** 
Seedbed Zn x Zn conc. x root pruning       ns            ns          160** 
 
[Values are means of three replicates]. 
* P ≤ 0.05,  ** P ≤ 0.01,  ns = not significant (P > 0.05) 
 
Phosphorus 
Increasing seedbed Zn concentration increased P concentration in older 
leaves, but increasing solution Zn decreased P concentration in the old leaves 
(Table 5.3).  Pruning roots had no effect on P concentration in the old leaves.  
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Table 5.3.  Effect of seedbed Zn, Zn concentration in solution and root pruning on 
shoot and root Zn concentrations (mg kg
-1 dry weight) and old leaf P 
concentrations of transplanted oilseed rape at 20 days after 
transplanting.  
 
Zn treatment 
Seedbed 
(µg kg
-1) 
Conc. 
(µM) 
Pruning 
    (%) 
Shoot Zn 
(mg kg
-1) 
Root Zn 
(mg kg
-1) 
YFEL
a 
(mg kg
-1) 
OL
b Zn 
(mg kg
-1) 
OL P 
(g kg
-1) 
 
50 
90 
 
50 
90 
 
50 
90 
 
50 
90 
 
 
0.02 
0.02 
 
0.02 
0.02 
 
5.0 
5.0 
 
5.0 
5.0 
 
50 
50 
 
0 
0 
 
50 
50 
 
0 
0 
 
16.4 
22.4 
 
20.3 
31.2 
 
57.2 
61.4 
 
58.5 
62.7 
 
18.6 
25.5 
 
24.3 
33.4 
 
47.1 
58.9 
 
50.5 
64.4 
 
14.5 
25.2 
 
20.4 
35.1 
 
56.8 
64.8 
 
63.1 
68.5 
 
18.8 
23.2 
 
21.2 
25.2 
 
57.1 
60.9 
 
58.8 
66.5 
 
10.5 
14.5 
10.4 
14.8 
 
3.7 
6.2 
 
2.9 
6.9 
LSD (P≤ 0.05) 
 
Seedbed Zn              0.27**     0.29**      0.17**      0.14**     0.02**
Zn conc.              0.27**     0.29**      0.17**      0.14**     0.02**
Root pruning             0.27**    0.29**      0.17**      0.14**        ns 
Seedbed Zn x Zn conc.         0.38**    0.41**      0.24**      0.20**        ns 
Seedbed Zn x  root pruning         0.38**    0.41*        0.24**      0.20**        ns 
Zn conc. x root pruning         0.38**    0.41*        0.24**      0.20**        ns 
Seedbed Zn x Zn conc. x pruning   ns           ns     0.33**      0.28**        ns 
[Values are means of three replicates]. 
* P ≤ 0.05,  ** P ≤ 0.01,  ns = not significant (P > 0.05) 
a YFEL – youngest fully expanded leaf 
b OL – two oldest leaves   
5.5. Discussion 
5.5.1.  Effect of  seedbed zinc concentration 
 
  The present study indicated that for transplanted oilseed rape, increased Zn 
supply in the nursery increased seedling vigour and early growth following  
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transplanting. Previous studies have reported increased seedling vigour of wheat 
from sowing high Zn seed (e.g. Rengel and Graham, 1995), but this is the first 
report that increased Zn content in transplanted seedlings increased post-
transplanting vigour.  Pre-transplant fertilization with N, P and K in the nursery 
has been reported to increase post-transplant growth and yield of tomato, and 
other vegetables (Masson et al., 1991; Melton and Dufault, 1991; Dufault, 1997). 
In addition, Aloni et al. (1991) found that post-transplant growth of bell peppers 
increased when pre-transplant nitrogen was increased. Bouma and Dowling 
(1966a,b) reported that seedlings grown in soils low in N, P, K, S, Ca and B 
showed reduced leaf area increase when transferred to solutions lacking these 
elements compared to those transferred to complete nutrient solution. 
The present study suggests that Zn fertilization of nurseries on low Zn 
soils used to propagate seedlings could increase the post-transplant growth. The 
subsequent biomass production would be stimulated by the increased Zn content 
of the seedlings at transplanting regardless of whether they were transferred to a 
medium with low or adequate Zn supply. It should be noted that even the highest 
Zn supply to the nursery was only just adequate (see Table 2.7), and much higher 
seedbed Zn supply may produce even greater benefits for post-transplanting 
growth. Conversely, the strong responses to post-transplant supply of Zn in the 
previous experiments were probably a consequence in part of the low to marginal 
seedbed Zn levels supplied to raise seedlings before transplanting. 
  The main beneficial effects of high seedbed Zn supply were the production 
of vigorous seedlings at transplanting, with higher shoot and root dry weight, 
greater relative growth rates of shoots, and a greater root length after  
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transplanting. By contrast to a previous experiment (Chapter 3) when low Zn 
supply increased root hair density, low seedbed Zn decreased root hair density. 
Otani and Ae (1996) reported that root morphological characters such as root 
length and the fineness of roots and root hair density strongly influence the 
nutrient uptake. The present  study indicated that Zn uptake into shoots and roots 
was closely related to root length  since seedlings grown from high seedbed Zn,  
with greater root  length and thinner roots were more efficient in absorbing  Zn 
from  the solution, and had higher Zn status (Table 5.3) than seedlings from low 
seedbed Zn supply.  
With high seedbed Zn supply, the endogenous Zn in shoots and roots of 
transplanted seedlings was apparently available for remobilisation and utilisation 
especially when seedlings were transplanted into low Zn medium. Therefore 
plants grown from high seedbed Zn supply had a higher content of Zn that could  
be utilised for new growth of shoots and roots before Zn uptake from the solution 
started to supply most of the plant Zn requirements. However, the increase in 
plant Zn content at day 20 greatly exceeded the extra Zn content in high Zn 
seedlings at transplanting suggesting that increased seedling vigour and in 
particular the increased root length enhanced the capacity for post-transplanting 
Zn uptake.   
Zinc is considered to have variable phloem mobility depending on the 
growth stage and other factors such as Zn supply and N supply (Kochian, 1991; 
Person and Rengel, 1994). In addition, roots often contained the largest pool of Zn 
in the plant (McGrath and Robson, 1984). Longnecker and Robson (1993) have 
suggested that Zn in roots can be remobilised via the xylem, depending on the  
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demand for Zn in the shoot. Therefore, seedlings from high seedbed Zn may have 
remobilised a greater proportion of Zn to support shoot and root growth after 
transplanting and to hasten the root recovery due to root damage at transplanting 
or to transplanting per se. However, while increased seedbed Zn did not affect 
post-transplanting RGR of roots, it increased RGR of shoots. This suggests that 
the post-transplanting root dry weight responses to seedling Zn were mostly due 
to larger seedlings (Appendix 5.1). Subsequently roots growth was more 
dependent on solution Zn whereas remobilisation of seedling Zn also benefitted 
shoot relative growth rate. 
5.5.2.   Effect of root pruning 
Root pruning had complex effects on plant growth depending on solution 
Zn concentration and seedbed Zn. At low solution Zn pruning root increased 
shoot : root ratio, whereas at high solution Zn it decreased shoot : root ratio. It has 
been recognised that there is a close relationship between shoot growth and root 
function  (Van Noordwijk et al., 1996). Thus, removal of a large portion of the 
root system results in a decline of both shoot and root growth, because it would 
reduce photosynthesis or carbon accumulation of plants as well as transpiration 
and nutrient acquisition. Even when root growth has stopped, a substantial carbon 
supply is still required to maintain root tissue and to allow nutrient uptake to 
proceed. Generally root pruning decreased root length, especially at low solution 
Zn, and decreased root hair density. Both of these effects on root growth would 
account for decreased Zn in plants whose root were pruned at transplanting. High  
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solution Zn diminished the effects of root pruning on Zn uptake but did not 
entirely remove them.  
Previous study by Alexander and Maggs (1971) and Richards and Rowe 
(1977) found that root pruning reduced vegetative growth of a number of plant 
species, and Kramer (1983) proposed that root pruning reduces the effective root 
surface area and inhibits the ability of plants to absorb water and mineral 
nutrients. Hu et al. (1996) indicated that in central China, transplanted oilseed 
rape seedlings may experience loss of leaves turgour for up to 14 DAT, and that 
two to four leaves senesced before the resumption of new leaf emergence. This 
present study showed that 50 % root pruning at transplanting into solution culture 
induced transplant shock for up to 7 days after transplanting and the senescence of 
the oldest two leaves. Richards and Rowe (1977) found that peach seedlings 
recovered from water stress after 10 days. Geisler and Ferree (1984) reported that 
loss of leaf turgor due to the water stress caused by root pruning was only 
temporary, and wilting occurred immediately after root pruning, but leaf turgor 
quickly recovered. Seedlings transferred to soil culture generally required much 
longer time to recover from post-transplanting water stress than those transferred 
into solution culture (Chapter 2).  
This present study showed that 50 % root pruning caused daily leaf wilting 
which may increase stomata closure, leading to reduced CO2  uptake and 
transpiration. Thus removal of half of the root system in the present study resulted 
in decline of shoot and root growth, not only because of decreased Zn uptake but 
also due to reduced photosynthesis and transpiration. Carbon assimilation is the 
main process responsible for plant growth and increases in dry matter production  
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(Arnold and Young, 1991; Van der Werf, 1996). Based in the results of Chapter 4, 
it is suggested that root pruning impaired the carbon distribution from root to the 
shoot, which led to increased relative carbon allocation to the root. These 
conclusions are in line with suggestions by Barber (1984) to the effect that when 
roots are trimmed, photosynthate is directed predominantly to the roots, and roots 
growth rate increases until the pre-trimming shoot : root ratio is restored. Once 
root growth recovered, carbon and Zn can be preferentially redistributed to the 
shoots. This process is hastened when Zn supply was adequate and also 
apparently with higher seedling Zn content from seedbed Zn supply. Nitrogen and 
P concentrations in the seedlings may also affect the post-transplanting growth of 
shoots and roots, as well as interacting with the re-translocation of Zn in the 
seedlings (Longnecker and Robson 1993). Lack of root pruning was also 
beneficial for hastening post-transplanting growth of shoots. However, it is 
unclear whether this is primarily because the greater biomass of root in unpruned 
seedlings provides a larger pool of carbon and Zn for resumption of new root 
growth, or whether the unpruned roots are more effective initially in water and Zn 
uptake. With both corn and soybean, trimming 50 % of the roots 2 days before 
transplanting had no effect on P uptake, because higher P uptake rate compensated 
for the decreased root surface area (Jungk and Barber, 1975; Edwards and Barber, 
1976). However, in the previous experiment (Chapter 4, Table 4.5), root pruning 
initially depressed relative Zn uptake rate, but thereafter had little or not 
significant effect on relative Zn uptake. Hence, Zn uptake may be more sensitive 
to the effects of root pruning on decreasing Zn uptake than is the case for P 
uptake.  
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5.6. Conclusion 
  The work reported here showed that root and shoot dry weight of oilseed 
rape after transplanting were significantly higher in the plants supplied with high 
seedbed Zn. In combination with 50 % root pruning and low solution Zn at post-
transplanting, root pruning strongly suppressed root and shoot dry matter, and root 
length and Zn uptake at 20 days after transplanting. That is, the plant growth 
response was positively correlated to plant Zn status at transplanting.  
  Applying Zn fertiliser in nursery bed promoted the post-transplanting 
growth by stimulating new root elongation, and hastening the recovery of root 
system at post-transplanting, and also increased the Zn uptake by plants. There is 
good evidence that shoot and root dry matter increased with higher seedbed Zn 
concentration. The main direct benefit from higher seedbed Zn was the 
stimulation of relative growth rate of shoots after transplanting.  
  It is concluded that there are considerable opportunities for applying Zn to 
the seedbed in order to improve the vigour of seedlings of transplanted crops. 
Even higher rates of Zn than supplied in the present study may be beneficial for 
post-transplanting growth of oilseed rape. Alternatively, in relation to the root 
recovery, adequate Zn near the roots may be required as a prior condition for rapid 
root growth after transplanting. Clearly, further study is also needed to examine 
the potential of supplying other nutrients to pre-transplant seedlings for oilseed 
rape and for other transplanted crops.   
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Table 6.6. : Effect of Zn supply  on organic acids  (µg L 
-1) in rhizosphere and non-rhizosphere soil of direct sown oilseed rape at  
                   5- and 7-leaf stages.  Organic acids are listed according to the time retention in the HPLC column. 
 
Rhizosphere soil    Non-rhizosphere soil  Organic 
 Acids   5-leaf stage  7-leaf  stage  5-leaf stage  7-leaf  stage 
Zn supply
(µg kg
-1)  30 100  500 30 100  500 30 100  500 30 100  500 
 
Oxalic 
Tartaric 
Formic  
Malic 
Lactic  
Malonic 
Maleic  
Citric  
Succinic 
 
19.4 
5.6 
34.3 
5.3 
30.4 
nd 
1.2 
189 
76 
 
18.7 
5.0 
30.7 
nd 
20.9 
nd 
0.5 
140 
61 
 
17.6 
0.3 
30.0 
nd 
20.2 
nd 
nd 
138 
47 
 
23.1 
19.4 
52.8 
9.8 
43.8 
nd 
5.1 
197 
98 
 
19.6 
8.8 
45.8 
4.7 
41.2 
nd 
0.8 
167 
59 
 
18.9 
7.7 
42.1 
nd 
35.7 
nd 
0.4 
160 
45 
 
16.6 
4.4 
26.6 
nd 
17.1 
nd 
nd 
156 
45 
 
15.3 
2.6 
15.88 
nd 
14.9 
nd 
nd 
144 
26 
 
11.9 
nd 
13.0 
nd 
10.2 
nd 
nd 
121 
18 
 
23.4 
4.7 
47.9 
nd 
40.0 
nd 
0.9 
172 
76 
 
19.2 
3.7 
40.0 
nd 
37.1 
nd 
0.03 
155 
61 
 
16.9 
1.1 
23.2 
nd 
34.2 
nd 
nd 
146 
47 
nd = not detected     
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Table 6.7. : Effect of Zn supply on organic acids  (µg L 
-1) in rhizosphere  and  non-rhizosphere soil of oilseed rape at 5- and 7-    
                    leaf stages after transplanting without root pruning. Organic acids  are listed  according to the retention time 
                    in the HPLC column. 
   
Rhizosphere soil    Non-rhizosphere soil  Organic 
 Acids   5-leaf stage  7-leaf  stage  5-leaf stage  7-leaf  stage 
Zn supply
(µg kg
-1)  30 100  500 30 100  500 30 100  500 30 100  500 
 
Oxalic 
Tartaric 
Formic  
Malic 
Lactic  
Malonic 
Maleic  
Citric  
Succinic 
 
19.1 
5 
6 
23 
19.4 
nd 
0.4 
127 
59 
 
15.8 
1.4 
18.8 
nd 
15.4 
nd 
0.03 
123 
57 
 
13.5 
nd 
16.1 
nd 
3.7 
nd 
0.03 
116 
28 
 
21.2 
13.7 
49.5 
nd 
46.1 
6.7 
16 
169 
884 
 
18.7 
3.4 
42.9 
nd 
39.1 
nd 
0.4 
151 
61 
 
16.9 
nc 
29.5 
nd 
36.1 
nd 
nd 
135 
54 
 
13.9 
2.7 
17.5 
nd 
26.7 
nd 
nd 
119 
64 
 
11.9 
1.0 
13.3 
nd 
7.3 
nd 
nd 
79 
nd 
 
9.9 
nd 
12.1 
nd 
3.2 
nd 
nd 
57 
nd 
 
23.0 
4.7 
24.5 
nd 
35.7 
nd 
0.9 
136 
84 
 
18.8 
3.9 
21.3 
nd 
22.7 
nd 
0.03 
127 
61 
 
163 
nd 
13.3 
nd 
21.9 
nd 
nd 
119 
54 
nd = not detected  164
Table 6.8. : Effect of Zn supply on organic acids  (µg L 
-1) in rhizosphere  and  non-rhizosphere soil of transplanted oilseed rape at 
                   5- and 7-leaf stages after pruning 50 % of roots at transplanting. Organic acids  are listed  according to the retention  
                   time in the HPLC column.   
 
Rhizosphere soil    Non-rhizosphere soil  Organic 
 Acids   5-leaf stage  7-leaf  stage  5-leaf stage  7-leaf  stage 
Zn supply
(µg kg
-1)  30 100  500 30 100  500 30 100  500 30 100  500 
 
Oxalic 
Tartaric 
Formic  
Malic 
Lactic  
Malonic 
Maleic  
Citric  
Succinic 
 
12.8 
0.4 
19.3 
nd 
17.0 
nd 
0.07 
99 
73 
 
9.5 
0.3 
12.6 
nd 
12.1 
nd 
0.1 
90 
nd 
 
8.5 
0.2 
12.1 
nd 
8.9 
nd 
nd 
8 
nd 
 
20.3 
5.2 
25.8 
nd 
37.2 
6.7 
0.4 
128 
84 
 
18.5 
1.1 
17.5 
nd 
32.8 
nd 
nd 
102 
61 
 
13.6 
0.7 
14.1 
nd 
28.1 
nd 
nd 
76 
54 
 
7.8 
nd 
16.1 
nd 
7.0 
nd 
nd 
77 
nd 
 
3.9 
nd 
12.4 
nd 
5.3 
nd 
nd 
66 
nd 
 
3.7 
nd 
5.2 
nd 
1.7 
nd 
nd 
37 
nd 
 
19.7 
0.3 
16.7 
nd 
24.7 
nd 
nd 
94 
nd 
 
17.3 
0.3 
15.7 
nd 
22.0 
nd 
nd 
82 
43 
 
14.2 
0.2 
10.7 
nd 
20.6 
nd 
nd 
80 
nd 
nd = not detected 
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CHAPTER 6 
 
THE CHEMICAL CHANGES IN THE RHIZOSPHERE AND NON-
RHIZOSPHERE SOIL OF OILSEED RAPE AND ITS 
RELATIONSHIP TO RECOVERY OF ROOT FUNCTION 
 
 
6.1.   Abstract 
 
 
  Oilseed rape has been reported to markedly modify its rhizosphere, but the 
effect of transplanting on the recovery of rhizosphere modification after 
transplanting has not been investigated. The study was carried out using a 
rhizobag technique to separate the rhizosphere and non-rhizosphere soils. Plants 
were given three levels of Zn supply, and either direct-sown into the rhizobag 
soils or transplanted at 4-leaf stage with pruned (50 % of roots removed) or 
unpruned root systems. The objectives of this study were to determine the 
chemical change in the rhizosphere and non-rhizosphere soil, and to relate these 
changes to the recovery of root growth and Zn uptake after transplanting.  
  Direct-sown plants were more efficient in utilizing Zn than transplanted 
plants particularly compared to those transplanted with a pruned root system, and 
achieved maximum growth at 100 µg Zn kg
–1 soil compared to 500 µg Zn kg
–1 
required by transplanted plants. 
 Rhizosphere soil in which both direct-sown and transplanted plants were 
grown had higher levels of organic acids, including oxalic, tartaric, formic, malic, 
lactic, malonic, maleic, citric and succinic, than the corresponding non-
rhizosphere soil. Citric acid represented approximately 50 % from the total 
organic acids in the rhizosphere and 42 % in the non-rhizosphere soil. Zinc 
deficient plants excreted higher concentrations of organic acids, and the  147
concentrations increased with plant age. The pH in the rhizosphere soil was 0.1 to 
0.5 units lower than non-rhizosphere soils. However, extractable Zn 
concentrations in the rhizosphere were lower than in the non-rhizosphere soil 
possibly due to uptake by plant roots.  
In conclusion, the chemical changes in the rhizosphere were greater than 
in non-rhizosphere soil, therefore rhizosphere soil and plant induced modifications 
to it are potentially important for Zn mobilization and uptake by roots of oilseed 
rape.  
 
6.2.  Introduction 
 
Growing roots release organic carbon into the rhizosphere as low-
molecular weight organic compounds (free exudates) such as organic acids, amino 
acids and sugar; high-molecular-weight gelatinous material (mucilage) which 
consists of polysaccharides and polygalacturonic acids; and sloughed-off cells and 
tissues and lysate. The proportions of organic acid relative to other sources of 
carbon vary depending on the plant species and nutritional status (Marschner, 
1995; Marschner, 2002).     
Marschner (2002) suggested that root-induced changes in the rhizosphere 
may affect the mineral nutrition of plants in several ways. Changes in the 
rhizosphere pH are caused by the excretion of H
+ or HCO3
-, by the evolution of 
CO2 from respiration, and by the release of root exudates. Dinkelaker et al. 
(1993a) demonstrated that change in rhizosphere pH were related to the cation or 
anion uptake ratio and was especially responsive to nitrogen form (NH4-N versus 
NO3-N) and to iron or phosphorus deficiencies. They found that the rhizosphere  148
pH may be as much as 2 units higher or lower than the pH of the bulk soil. By 
contrast, McGrath et al (1997) reported that the pH of the rhizosphere soil was 0.2 
- 0.4 unit lower than that in the non-rhizosphere soils.   
The decrease of rhizosphere pH will cause metal ions to be more soluble 
and available to the plant, because the lower pH will increase the solubility of the 
Fe and Mn oxides and the ions associated with them (Shuman and Wang, 1997).  
In addition, McGrath et al. (1997) stated that the decrease of rhizosphere pH 
tended to increase the concentration of mobile Zn in the rhizosphere soil. Organic 
acids may have significant effects on the availability, solubility and mobility of 
mineral nutrients such as: P, Fe, Mn, Cu, Zn and also the solubility of toxic 
elements such as Al (Dinkelaker, et al., 1993a,b; Wang and Zabowski, 1998). 
   The release of exudates by dicotyledonous (dicots) species to enhance the 
availability of immobile elements such as Zn in the rhizosphere soil is poorly 
understood. The previous experiments (Chapter 2 and 3) showed that transplanted 
oilseed rape seedlings had a higher external Zn requirement before the full 
recovery of the root system than either direct-sown (Chapter 2) or unpruned 
transplanted seedlings (Chapter 4 and 5). It was postulated that damage to the root 
tips when seedlings are uprooted from the nursery bed, led to impaired root 
function and Zn transport from roots to shoot. Therefore, it was hypothesised that 
the recovery of root function and rhizosphere modification may affect the nutrient 
availability especially Zn during the post-transplanting recovery of roots. 
 
The objectives of this study were to investigate the chemical change in 
rhizosphere and non-rhizosphere soil during the post-transplanting recovery 
period; to determine the organic acid forms and concentrations in rhizosphere and  149
non-rhizosphere soil, and also to study the effect of Zn supply and root pruning of 
transplanted and direct-sown oilseed rape on forms of extractable Zn in the 
rhizosphere and  non-rhizosphere soil and Zn uptake. 
 
6.3. Materials and methods 
 
6.3.1. Treatment 
  The experiment was conducted in a glasshouse with pots placed in 
temperature controlled water baths at 20-22 
OC. Oilseed rape seedlings were 
grown in rhizobags (Chen et al., 1997; Li et al., 1997; Shuman and Wang, 1997), 
with three rates of Zn supplied as ZnSO4.7H2O: 30 (low), 100 (medium) and 500 
(adequate) µg Zn kg
-1 soil, respectively. Root treatment consisted of direct 
seeding or transplanting with 50 % of roots pruned (damaged root system) and 
unpruned (undamaged root system). Each treatment consisted of three 
replications. The experiment used a complete factorial design with pots arranged 
in a completely randomized design and repositioned daily. 
  
Oilseed rape cv. Hyola 42 seeds were sown in a seedbed by using sand 
culture. Complete nutrients were added to seedbed soil as described in Chapter 4 
and 5. When seedlings reached approximately 4-leaf stage, they were transplanted 
to the rhizobags treated with 3 levels of Zn.  
 
6.3.2.  Plant culture 
  
Soil was collected from Lancelin at 0-20 cm depth as described 
previously. Air dried soil was sieved through a stainless steel screen (4 x 4 mm)  150
and mixed thoroughly. Basal nutrients were applied as described in Chapter 4 and 
5.    
Rhizobags are made from 1 mm thick nylon mesh with 105 µm openings. 
The cylindrical rhizobags of nylon mesh were heat-sealed along the edges. Three 
rhizobags were each filled with 500 g of air-dried soil, then placed in the centre of 
a plastic pot. The space surrounding the rhizobags were filled with the same air-
dried soil, so that the surface of soils in the plastic pot, inside and outside the 
rhizobags was at the same level.  
Seedlings were lifted carefully from the seedbed and the roots of 
individual plants gently separated. For transplanted seedlings, roots of half the 
plants were pruned to remove about 50 % of root mass by trimming roots from the 
tips. In each rhizobag one seedling was transplanted, so each pot had three 
seedlings which were grown until 5- and 7-leaf-stages. For unpruned roots, 
seedlings were transplanted directly with the intact roots. Seedlings were watered 
daily by weight using double DDI water to keep the soil at 75 % of field capacity. 
For direct-sown plants, three seeds were sown directly into the rhizobags. 
Seedlings were thinned to one plant per rhizobag at 7 days after sowing (DAS), 
and harvested at the same growth stages as transplanted seedlings.  
 
6.3.3. Harvest procedure 
Plants in each treatment were harvested on two occasions, at 5- and 7-leaf-
stages. At each harvest, seedlings were cut at the soil surface, and separated into 
shoots and roots. Shoots and roots were washed with tap water and rinsed three 
times with DDI water and blotted dry with white tissue paper. Shoots were  151
separated into youngest mature leaf (YML), the two oldest leaves (OL) and rest of 
shoots (Huang et al., 1995). Dry weight was recorded when the material had been 
oven-dried at 65-70 
0C to constant weight. Length of fresh roots was measured 
using a Comair root length scanner (Newman, 1966), and the total number of root 
tips was also determined by counting all roots including new roots and old roots. 
 
6.3.4.  Plant and soil  analysis 
 
  All the dry plant samples were milled in a stainless steel mill and digested 
in concentrated nitric acid at 135-140 
OC. Zinc was determine by using ICP-AES. 
Rhizosphere soil was collected at 5- and 7-leaf stages by taking the whole 
seedling out from the rhizobag and gently shaking the root until the soil not tightly 
adhering to roots was removed and then separately collecting the soil closely 
adhering to the root system and the remaining soil in the rhizobag. Soil from 
outside the rhizobag was collected as non-rhizosphere soil or bulk soil (Rovira 
and Davey, 1974).  
  Extractable Zn in the rhizosphere and non-rhizosphere soils were analysed 
using three reagents, viz; DTPA extracting solution, 0.01 M HCl, and  0.2 % 
quinol in 1 M NH4OAc., and determined using ICP-AES (Rayment and 
Higginson, 1992).  Soil pH was measured in the suspension of soil and water, and 
also 0.01 M CaCl2  (ratio 1: 5). 
 
6.3.5. Organic acids determination 
  The methods used in determination of organic acids were modified from 
Bolan  et  al. (1994). To extract organic acids from the rhizosphere and non-
rhizosphere soil, 10 grams of air dry soil was weighed and placed into a 50 mL  152
centrifuge tube, then extracted by shaking with 10 mL of 0.1 M HCl for an hour, 
centrifuged at 10,000 rpm for 10 minutes then filtered through a 0.45 µm pore 
size. One mL aliquot of filtrate was transferred into a microfuge tube and 50 µL of 
solution containing 1000 mg succinic acid L
-1 was added as an internal standard  
(Bolan et al., 1994).  
The organic acids in rhizophere and non-rhizosphere soil were determined 
by using a high performance liquid chromatography (HPLC) fitted with a Alltima 
C-18 reversed-phase column (Shimadzu CLC- OOS 250 mm x 4.6 mm). Peaks for 
the organic acids were detected at the wave length of 215 nm. The mobile phase 
was 0.125 mg ammonium phosphate L
-1 adjusted to pH 2.5 with the flow rate 1 
mL
-1 min
-1. The organic acids were identified and quantified by injecting an 
aliquot of 50 µL through the HPLC. Preliminary analysis has been done to 
investigate the appropriate type of extractants and the shaking time.    
 
The organic acids in the soil extraction were identified by comparison with 
the retention times (Appendix 6.2) obtained from pure standard organic acids. The 
quantity of organic acids in the extract were determined from the peak height. 
  
6.3.6.  Data analysis 
Data from the experiment were statistically examined by analysis of 
variance, and significant treatment effects were separated with Fisher’s Protected 
LSD at P ≤ 0.05.  
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6.4. Results 
6.4.1. Symptoms and growth    
Both direct-sown plants and transplanted oilseed rape plants grew more 
slower than those grown in the previous glasshouse experiments (Chapter 2, 3 and 
4). This may have been due to the restricted root volume of the rhizobags. At 5-
leaf stage, growth of transplanted oilseed rape seedlings was similar at low and 
high Zn supply. However, by 7-leaf stage, plants at low Zn supply exhibited 
typical Zn deficiency symptoms, such as pale green leaves, interveinal necrotic 
lesions on old leaves and eventually reduction in shoot elongation and shoot dry 
matter. By contrast in direct-sown plants, low Zn supply (30 µg Zn kg
-1) induced 
Zn deficiency symptoms at 5-leaf stage, whereas at medium and adequate Zn 
supply  (100 and 500 µg Zn kg
-1) plants were healthy in appearance.  
6.4.2. Root and shoot  dry  weights 
   The root dry matter of plants grown with adequate and high Zn supply was 
increased significantly (P ≤ 0.05) above that of plants grown with low Zn supply 
(Table 6.1). Increasing Zn from adequate to high Zn supply generally further 
increased root dry weight. There was no interaction between Zn supply and root 
pruning at either harvest. At 5-leaf stage, transplanted seedlings with undamaged 
roots had a higher root dry weight than those transplanted with pruned roots and 
the direct-sown plants.  At 30 µg Zn kg
-1 air dry soil, direct-sown plants had a 
lower root dry weight compared with transplanted seedlings at 5-leaf stage (Table 
6.1). However, at 7-leaf stage, direct-sown plants had the same or higher root dry 
weight compared with those of transplanted seedlings at all levels of Zn. 
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Table 6.1. Effect of Zn supply and root pruning on root and  shoot dry matter  
 (g  plant
-1) of transplanted and direct-sown oilseed rape grown in 
rhizobags until 5- and 7-leaf stages. 
 
 
Treatment 
 
Roots 
 
Shoots 
 
Zn levels  
(µg Zn kg
-1) 
Pruning 
(%) 
5-leaf 
 
7-leaf 
 
5-leaf 7-leaf 
 
Transplanted 
 
30 
100 
500 
30 
100 
500 
0 
0 
0 
50 
50 
50 
0.043 
0.047 
0.053 
0.037 
0.043 
0.043 
0.080 
0.107 
0.143 
0.053 
0.083 
0.117 
0.287 
0.340 
0.397 
0.197 
0.317 
0.400 
0.98 
1.29 
1.47 
0.86 
1.23 
1.37 
 
LSD (P ≤ 0.05) 
Zn supply              0.002**          0.013**           0.04**         0.08* 
Pruning              0.002**          0.011**            0.04*            0.07** 
Zn x Pruning      ns    ns    ns           ns 
 
Direct-sown 
 
30 
100 
500 
LSD (P ≤ 0.05) 
- 
- 
- 
 
0.02 
0.04 
0.05 
0.007* 
0.09 
0.29 
0.42 
0.05** 
0.27 
0.42 
0.42 
0.09* 
0.74 
1.47 
1.60 
0.18* 
[Values are means of three replicates]. 
* P ≤ 0.05,  ** P ≤ 0.01,  ns = not significant (P > 0.05) 
An increase in the Zn supply caused an increase in shoot dry weight   
(Table 6.1), and fresh weight (Appendix 6.1) at both growth stages for direct- 
sown and transplanted plants. For direct-sown plants, there was no difference in 
shoot dry weight between plants supplied with 100 and 500 µg Zn kg
-1. By  155
contrast, shoot dry weight of transplanted seedlings increased significantly when 
Zn supply increased from 100 to 500 µg Zn kg
-1 soil. Root pruning generally 
reduced shoot dry weight. The effects of Zn supply and root pruning on shoot dry 
weight were additive at both harvests. Shoot dry weight of direct-sown plants was 
higher than those of transplanting seedlings except for low Zn supply (30 g Zn kg
-
1 soil) at both 5-leaf and 7-leaf stages. 
6.4.3. Shoot : root ratio 
  The shoot : root ratio of transplanted seedlings  increased with an increase 
in external Zn supply for both harvests (Table 6.2). The shoot : root ratio of   
transplanted seedlings increased  with time. By contrast, the shoot : root ratio  of 
direct-sown plants decreased with time, and with  the increase of Zn supply at 
both growth stages. The shoot : root ratio was significantly lower at both growth 
stages in direct-sown plants than in transplanted seedlings. However, shoot : root 
ratio of transplanted seedlings in this experiment was lower than in soil culture   
(Chapter  2) both in direct-sown and transplanted plants.  
 
6.4.4.  Root tips 
Pruning decreased the number of root tips (P ≤ 0.05) except at 500 µg Zn 
kg
-1 air dry soil at 7-leaf stage (Table 6.3). Direct-sown plants at 30 and 100 µg 
Zn kg
-1 air dry soil had fewer root tips at 5-leaf stage than transplanted seedlings. 
At 7-leaf stage, root tip numbers doubled in direct-sown plants to exceed those in 
the transplanted seedlings except at low Zn supply.    
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Table 6.2. Effect of Zn supply and root pruning on shoot: root ratio of 
transplanted and direct-sown oilseed rape at 5- and 7-leaf stages. 
 
Treatment  Shoot : root 
 
Zn levels 
 (µg Zn kg
-1) 
Pruning 
(%) 
5-leaf 7-leaf 
Transplanted 
 
30 
100 
500 
30 
100 
500 
0 
0 
0 
50 
50 
50 
6.5 
7.1 
7.7 
5.5 
7.5 
9.0 
12.4 
11.5 
11.6 
13.3 
13.0 
13.1 
LSD (P ≤ 0.05)   
Zn supply                              0.33**                       0.29** 
Pruning                                           ns                            0.23** 
Zn x Pruning                                           ns                               ns 
Direct-sown 
30 
100 
500 
LSD  (P ≤ 0.05) 
- 
- 
- 
 
12.9 
10.5 
    8.8   
     0.6** 
8.3 
5.1 
3.8 
    0.4** 
[Values are means of three replicates]. 
* P ≤ 0.05,  ** P ≤ 0.01, ns = not significant (P > 0.05) 
6.4.5. Root length 
  Adequate Zn supply more than doubled the root length of transplanted and 
direct-sown oilseed rape (Table 6.3). Root length increased significantly until the 
highest levels of Zn supply for all treatments. Direct-sown plants had the greatest 
root length compared to those of transplanted seedlings, and 50 % root pruning 
had the lowest root length at both 5 and 7-leaf stages. As for root tips, the  157
interactive effects between Zn supply and root pruning were only observed at 7-
leaf stage.  
 
Table 6.3.   Effect of Zn supply and root pruning on number of root tips (number 
plant
-1) and root length (m plant
-1) of transplanted and direct-sown 
oilseed rape at 5- and 7-leaf stages. 
 
Treatment  Root tips (no. plant
-1)  Root length (m plant
-1) 
Zn levels 
 (µg Zn kg
-1) 
Pruning 
(%) 
5-leaf 7-leaf  5-leaf  7-leaf 
Transplanted 
 
30 
100 
500 
30 
100 
500 
0 
0 
0 
50 
50 
50 
14.9 
18.7 
20.1 
11.2 
17.2 
17.8 
19.7 
23.9 
24.8 
12.8 
21.0 
24.0 
2.19 
3.86 
5.17 
1.69 
2.87 
4.55 
5.05 
7.14 
12.4 
3.53 
5.15 
7.46 
 
LSD (P ≤  0.05) 
Zn supply      0.66**    0.61**           0.37**         0.19** 
Pruning      0.54**    0.50**           0.31**         0.15** 
Zn x Pruning         ns     0.86*      ns         0.27** 
 
Direct-sown 
30 
100 
500 
LSD  (P ≤ 0.05) 
- 
- 
- 
 
70 
12.3 
19.0 
    0.16** 
15.6 
37.2 
42.1 
    0.48** 
4.5 
7.9 
9.4 
   1.2** 
7.8 
10.8 
14.5 
0.65** 
[Values are means of three replicates]. 
* P ≤ 0.05,  ** P ≤ 0.01,  ns = not significant (P > 0.05) 
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6.4.6. Zinc concentration in plant parts 
  Increasing Zn supply from 30 to 500 µg Zn kg
-1 soil increased Zn 
concentration in the YML and OL, in direct-sown plants and in transplanted 
seedlings (Table 6.4). Zinc concentration in YML was decreased by root pruning 
at 5-leaf stage, but at 7-leaf stage, only at low and medium Zn supply. Zinc 
concentration in YML decreased with plant age except at 30 µg Zn kg
-1 soil for 
transplanted plants with intact roots  (Table 6.4).  
Plants transplanted without root pruning had the highest Zn concentration 
in their OL, and direct-sown plants had the lowest Zn concentration in their OL. 
The concentration in OL increased with plant age in direct-sown plants, but 
generally decreased in transplanted plants. Substantial increases in Zn 
concentration in shoots and roots of direct-sown and transplanted seedlings were 
achieved by increasing the Zn supply  (Table 6.5). 
  A higher root Zn concentration was recorded in direct-sown plants 
supplied with medium and adequate Zn levels than in transplanted seedlings at 
equivalent Zn supply. However, at low Zn supply, root Zn concentrations were 
lower than those of transplanted plants. The Zn concentrations in root in 
transplanted plants that had roots pruned were lower than those in plants with 
unpruned roots. Zinc concentrations in roots of direct-sown plants were 
intermediate between those with and without pruning at 30 µg Zn kg
–1 soil, but 
otherwise exceeded those of transplanted plants. Transplanted plants with 
unpruned roots had higher Zn concentration in shoots compared with transplanted 
plants from which roots had been pruned. The effects of Zn supply and root 
pruning on shoot Zn concentration were additive.   159
Table 6. 4. Effect of Zn supply and root pruning on zinc concentration in the two 
oldest leaves (OL) and youngest mature leaf (YML) (mg kg
-1) of 
transplanted and direct-sown oilseed rape at 5- and 7-leaf stages. 
 
Treatment OL    YML 
Zn levels 
 (µg Zn kg
-1) 
Pruning 
(%) 
5-leaf  7-leaf 5-leaf 7-leaf 
Transplanted 
 
30 
100 
500 
30 
100 
500 
0 
0 
0 
50 
50 
50 
8.6 
17.3 
37.3 
8.0 
14.7 
34.5 
9.4 
15.1 
30.5 
5.5 
11.4 
27.1 
11.6 
21.8 
46.9 
11.2 
16.3 
40.5 
13.3 
18.9 
34.2 
7.4 
13.5 
37.6 
LSD (P ≤  0.05) 
Zn supply      0.29**          0.32**          0.33**        0.55** 
Pruning      0.24**          0.26**          0.27**     0.18** 
Zn x Pruning                0.41*               ns          0.47**        0.31** 
Direct-sown 
30  
100  
500  
LSD  (P ≤ 0.05)  
- 
- 
- 
 
6.3 
9.8 
25.9 
  0.4** 
7.7 
10.2 
32.5 
 0.5** 
11.3 
17.8 
53.4 
  0.6** 
10.7 
16.0 
46.9 
  0.3** 
[Values are means of three replicates]. 
* P ≤ 0.05,  ** P ≤ 0.01,  ns = not significant (P > 0.05) 
 
6.4.7.  Organic acids in soil 
A large number of organic acids and wide range of concentrations were 
extracted from rhizosphere and non-rhizosphere soil of direct-sown and 
transplanted oilseed rape plants: these included oxalic, tartaric, formic, malic,  160
lactic, malonic, maleic, citric and succinic acids (Table 6.6, 6.7, 6.8.), 
respectively. Generally, the total organic acids in the rhizosphere soil were higher 
than those of non-rhizosphere soil and tended to increase with plant age. Levels of 
organic acids in soil appeared to be higher in the presence of Zinc deficient plants 
than in the presence of Zn adequate plants. 
 
Table 6.5.  Effect of Zn supply and root pruning on zinc concentration in shoots 
and roots (mg kg
-1) dry matter) of transplanted and direct-sown 
oilseed rape at 5 and 7-leaf stages. 
 
[Values are means of three replicates]. 
* P ≤ 0.05,  ** P ≤ 0.01,  ns = not significant (P > 0.05) 
Treatment Shoot  Root 
Zn levels   
(µg Zn kg
-1) 
Pruning 
(%) 
5-leaf 7-leaf 5-leaf 7-leaf 
Transplanted 
 
30 
100 
500 
30 
100 
500 
0 
0 
0 
50 
50 
50 
12.9 
21.6 
45.9 
9.9 
19.1 
41.6 
15.1 
25.3 
54.9 
12.9 
24.4 
52.5 
15.0 
23.4 
37.6 
13.1 
22.8 
34.6 
17.9 
28.2 
43.7 
11.6 
24.9 
38.4 
LSD  (P ≤ 0.05)   
Zn supply       0.24**  0.35**         0.25**       0.31** 
Pruning       0.19**     0.29**         0.20**       0.25** 
Zn x Pruning          ns       ns          0.35**           ns 
 
Direct-sown 
30 
100 
500 
LSD  (P ≤ 0.05) 
- 
- 
- 
 
14.5 
24.4 
58.9 
0.3** 
16.2 
26.6 
75.2 
0.4** 
12.9 
26.3 
46.3 
0.3** 
15.2 
32.1 
50.8 
0.5**  161
In the rhizosphere soil of direct-sown plants, citric acid was the most 
abundant organic acid followed by succinic, formic, lactic and oxalic acids.   
Tartaric, maleic and malic acids were found in small amounts, and malonic acid 
was not detected. In the rhizosphere soil, citric acid accounted for 48 and 54 % of 
total organic acids at 5 and 7-leaf stages, respectively. In non-rhizosphere soil, 
citric acid remained dominant, but its concentration comprised only 39 and 50 % 
of total organic acids at 5 and 7-leaf stages, respectively. Maleic acid was 
observed only in rhizosphere soil of direct-sown plants and only in a small 
amount. As in the rhizosphere soil, plants with low Zn supply had highest total 
organic acids in non-rhizosphere soil. In non-rhizosphere, organic acids were 
present  in similar proportions to the rhizosphere soil  but  at lower concentration.   
  Citric acid was present at the highest concentration of organic acids in the 
rhizosphere and non- rhizosphere soil of transplanted plants with unpruned roots 
followed by succinic, lactic, formic and oxalic acids. In the rhizosphere soil, the 
concentrations of citric acid was 42 % and 54 % of total organic acids at 5 and 7-
leaf stages, respectively, and comprised similar proportions in non-rhizosphere 
soil. As for direct-sown plants, malic acid was not detected, but malonic was 
detected in a trace amount and only at 7-leaf stage. Transplanted plants with 50 % 
of roots pruned had the lowest total organic acids compared with direct sown and  
transplanted with unpruned roots system. The concentration of citric acid was 41 
% of total organic acids at 5-leaf stage and increased to 58 % at 7-leaf stage in the 
rhizosphere. However, in non-rhizosphere soil, the concentration of citric acid was 
only 25 % of the total organic acids at the 5-leaf stage and 51 % at the 7-leaf 
stage.  
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6.4.8. Rhizosphere and non-rhizosphere soil pH 
  At 5-leaf stage, rhizosphere soil had lower pH than non-rhizosphere soil 
with differences in the range 0.2 to 0.32 pH units for transplanted seedlings with 
unpruned roots, from 0.14 to 0.2 for transplanted seedlings with 50 % root pruned 
and for direct sown plants, the range was 0.14 to 0.24 pH unit. At 7-leaf, the pH 
differences increased for all treatments (Table 6.9 and 6.10).  
Rhizosphere and non-rhizosphere pH decreased with plant age. Increasing 
Zn supply resulted in the decrease of soil pH at both growth stages both in 
rhizosphere and non-rhizosphere soil of transplanted seedlings. However, root 
pruning did not affect the change of soil pH in rhizosphere and non-rhizophere. 
There was an interactive effect between Zn supply and root pruning in soil pH-
H2O but not for pH-CaCl2. For direct sown plants, Zn supply significantly 
decreased the soil pH both in rhizosphere and non-rhizosphere soil. Direct-sown 
plants had the lowest soil pH compared with transplanting seedlings in their 
rhizosphere and non-rhizosphere at both growth stages, whilst transplanted 
seedlings with 50 % roots pruned had the highest soil pH.  
 
6.4.9. Zinc in  soil  
   DTPA extracted comparatively more Zn than other extractants (Table 6.11 
and 6.12), in both rhizosphere and non-rhizosphere soil at both growth stages. The 
levels of DTPA Zn extracted from the rhizosphere soil was lower than non-
rhizosphere soil. DTPA extractable Zn level decreased from the 5-leaf to the 7-
leaf stage of growth. Direct sown plants had the higher soil Zn concentration at 
both growth stages relative to the transplanting treatments. The response of 0.01 166 
M HCl and 0.2 % quinol extractable Zn fractions to rhizosphere influence, 
seedling type and to Zn supply were quite similar to those for DTPA-Zn. 
 
Table 6.9. Effect of Zn supply and root pruning on rhizosphere (Rhiz) and non-
rhizosphere (NRhiz) soil pH measured in H2O and 0.01M CaCl2 for 
pots growing transplanted and direct sown oilseed rape at 5-leaf 
stages. 
 
Treatment  pH – H2O pH-CaCl2 
Zn levels  
(µg Zn kg
-1) 
Pruning 
(%) 
Rhiz     NRhiz   Rhiz     NRhiz   
Transplanted 
 
30 
100 
500 
30 
100 
500 
0 
0 
0 
50 
50 
50 
   5.34   
5.18 
5.04 
5.30 
5.22 
5.12 
5.54 
5.44 
5.36 
5.44 
5.39 
5.32 
4.76 
4.66 
4.46 
4.85 
4.76 
4.65 
5.05 
5.02 
4.94 
5.04 
4.96 
4.94 
LSD  ( P ≤ 0.05) 
Zn supply               0.02**          0.014*      0.021**     0.09** 
Pruning      ns    ns      0.017**         ns  
Zn x Pruning               0.03**          0.019*           ns         ns 
Direct-sown 
30 
100 
500 
LSD (P ≤ 0.05) 
- 
- 
- 
 
5.21 
5.04 
4.94 
0.01** 
5.35 
5.28 
5.16 
0.01** 
5.09 
4.59 
4.52 
0.02* 
5.27 
4.83 
4.70 
0.04* 
[Values are means of three replicates]. 
* P ≤ 0.05,  ** P ≤ 0.01,  ns = not significant (P > 0.05) 
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Table 6.10.  Effect of Zn supply and root pruning on rhizosphere (Rhiz) and non-
rhizosphere (NRhiz) soil pH in H2O and 0.01M CaCl2 of pots 
growing transplanted and direct sown oilseed rape at 7-leaf stage. 
 
Treatment  pH – H2O pH-CaCl2 
Zn levels 
 (µg Zn kg
-1) 
Pruning 
(%) 
Rhiz   NRhiz   Rhiz     NRhiz   
Transplanted 
 
30 
100 
500 
30 
100 
500 
0 
0 
0 
50 
50 
50 
4.87 
4.76 
4.68 
4.82 
4.71 
4.62 
5.36 
5.16 
5.04 
5.24 
5.16 
5.04 
4.42 
4.22 
4.20 
4.42 
4.19 
4.10 
4.68 
4.57 
4.58 
4.63 
4.59 
4.52 
 
LSD (P ≤  0.05)       
Zn supply             0.018**        0.015**      0.014**        0.016** 
Pruning             0.015*        0.012*      0.011*        ns   
Zn x Pruning        ns             ns            ns        ns 
 
Direct sown 
 
30 
100 
500 
LSD (P ≤ 0.05) 
- 
- 
- 
 
4.81 
4.53 
4.42 
0.04** 
5.12 
4.82 
4.73 
0.01** 
4.34 
4.19 
4.08 
0.03* 
4.83 
4.33 
4.19 
0.04** 
[Values are means of three replicates]. 
* P ≤ 0.05,  ** P ≤ 0.01,  ns = not significant (P > 0.05) 
 
6.5. Discussion 
6.5. 1. Effect of zinc supply and root pruning on plant growth 
The response of transplanted oilseed rape was consistent with previous 
results that transplanting with root pruning increased external Zn requirement for 168 
root growth compared with direct-sown plants (Chapter 2 and 3). In addition, the 
present results extend those in Chapter 2, 3 and 4 by showing that transplanting 
without root pruning increased growth and Zn uptake relative to lack of root 
pruning, but did not overcome the need for increased external Zn. Therefore the 
higher external Zn requirement for transplanted oilseed rape appears to arise from 
both transplanting per se and root pruning of seedlings. There appears to be a 
transplanting stress that impairs post-transplanting root and shoot growth, and 
function of root tips, in the absence of any substantial change in root mass. Hence, 
the present results allow a re-examination of the possible mechanisms suggested 
in Chapter 4 for increased external Zn requirements of transplanted oilseed rape. It 
was suggested that loss of root tips would decrease cytokinin levels and hence 
suppress shoot growth. However, this mechanism now seems only relevant where 
root pruning occurs and not for transplanting per se. Secondly, it was suggested 
that removal of root mass by pruning would decrease the root cytokinin store and 
hence increase the sequestration of cytokinin by the root after transplanting to 
facilitate new root growth. However, since the increased external Zn requirement 
was found for roots transplanted without root pruning, loss of cytokinin reserves 
cannot have directly been involved. This leaves the third possibility that increased 
external Zn is required to maintain membrane integrity of transplanted roots as the 
most plausible explanation. 
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Table 6.11. Effect of Zn supply and root pruning on rhizosphere (Rhiz) and non-
rhizosphere (NRhiz) soil extractable Zn level (µg Zn kg
-1 air dry soil) 
of direct-sown and transplanted oilseed rape at 5-leaf stages. 
 
Treatment 
 
Extractable soil zinc level 
DTPA 
 
HCl 
 
Quinol 
 
Zn level 
(µg Zn kg
-1) 
Pruning 
(%) 
Rhiz 
 
NRhiz Rhiz  NRhiz Rhiz NRhiz 
 
Transplanted 
 
30 
100 
500 
30 
100 
500 
0 
0 
0 
50 
50 
50 
120 
156 
321 
128 
138 
328 
124 
285 
388 
134 
276 
387 
94 
111 
157 
84 
105 
142 
119 
127 
174 
96 
115 
170 
82 
106 
165 
76 
95 
181 
86 
115 
188 
84 
104 
191 
LSD  (P ≤ 0.05)   
Zn supply          1.4**      2.1**      1.0**     1.5**       1.1**     1.2**  
Pruning           ns           1.7**      0.9**     1.3**         ns         1.0*     
Zn x Pruning          2.0**      3.0**      1.5*     2.2*        1.6**     1.7* 
Direct sown 
30 
100 
500 
LSD (P≤ 0.05) 
- 
- 
- 
- 
184 
255 
412 
3.3** 
195 
283 
432 
2.7** 
106 
119 
190 
2.4** 
125 
146 
218 
1.6** 
109 
130 
213 
1.4** 
128 
156 
234 
1.0** 
[Values are means of three replicates]. 
* P ≤ 0.05,  ** P ≤ 0.01,  ns = not significant (P > 0.05) 
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Table 6.12. Effect of Zn supply and root pruning on rhizosphere (Rhiz) and non-
rhizosphere (NRhiz) soil extractable Zn concentration (µg Zn kg
-1) of 
transplanted and direct sown oilseed rape at 7-leaf stages. 
 
Treatment  Soil zinc concentration 
DTPA  HCl Quinol  Zn level 
(µg Zn kg
-1) 
Pruning 
(%) 
Rhiz    NRhiz  Rhiz    NRhiz  Rhiz    NRhi 
Transplanted 
 
30 
100 
500 
30 
100 
500 
0 
0 
0 
50 
50 
50 
105 
141 
308 
106 
134 
286 
116 
270 
372 
147 
194 
379 
86 
104 
136 
75 
93 
127 
110 
114 
140 
89 
106 
138 
69 
95 
153 
64 
85 
157 
82 
109 
171 
78 
96 
167 
LSD ( P ≤ 0.05) 
Zn supply          1.8**       2.4**       0.4**     1.1**     0.8**      0.8** 
Pruning          1.5**       2.0**       0.3**     0.9**     0.6**      0.7**  
Zn x Pruning          2.6*         3.4**          ns      1.6**     1.12**    1.1* 
Direct-sown 
30 
100 
500 
LSD (P≤ 0.05) 
- 
- 
- 
- 
176 
242 
387 
2.1** 
189 
270 
424 
2.4** 
98 
108 
127 
1.7** 
118 
133 
207 
2.6** 
97 
106 
191 
1.8** 
107 
139 
209 
1.6** 
[Values are means of three replicates]. 
* P ≤ 0.05,  ** P ≤ 0.01,  ns = not significant (P > 0.05) 
 
Numerous studies showed that the shoot : root ratio can be altered by 
external Zn, these include Rengel and Graham (1995 a) for wheat plants and Khan 
et al., (1998b) for chickpea. They found that the shoot : root ratio generally 
increased under Zn deficiency. By contrast, in the present study, at 7-leaf stage 
low Zn plants had higher shoot : root ratio compared with  Zn sufficient seedlings.  171 
It is suggested that at 5-leaf stage, seedlings were still recovering from 
transplanting stress, and shoot growth was restricted as a consequence (see 
Chapter 4). At 7-leaf stage, seedling root and shoot growth rates had responded to 
low Zn supply with root growth exceeding that of shoot growth. By contrast, 
when Zn supply was increased, shoot growth increased faster than root growth. 
Indeed at 5-leaf stage, the first and second true leaves senesced then abscised. 
This phenomenon occurred in both transplanted seedlings with intact root system 
and seedlings with pruned root system, but more severely in the latter. Thus, it can 
be deduced that at 5-leaf stage, limited plant re-growth had occurred, between 5 to 
7-leaf stage plants started to resume growth, but had not fully recovered from 
transplanting stress. The previous soil culture experiment (Chapter 2) had shown 
that, at 10-leaf stage, plants had fully recovered from the damage of root system 
which occurred at transplanting. 
  Increased numbers of root tips and the root length per plant are generally 
associated with more Zn uptake from the soil solution and higher Zn 
concentration in shoots and roots  (Barber and Silberbush, 1984). In this present 
study at 5-leaf stage, direct-sown plants had lower number of root tips and less 
root dry matter compared with transplanted seedlings with undamaged root 
system, but greater root length, shoot and root Zn concentrations. Possibly this 
was due to the retention of older roots and thickening of young roots in 
transplanted plants, leading to decreased root length and root surface area which 
are important factors in determining  the nutrient uptake capacity (Barber and 
Silberbush, 1984). Furthermore, at 7-leaf stage direct sown plant produced the 172 
highest root tip numbers, root length, and shoot and root Zn concentrations except 
for the number of root tips at low Zn supply.  
6.5.2.  Changes in  rhizosphere  pH 
  Dinkelaker and Marschner (1992) suggested that plant roots may enhance 
nutrient acquisition in the rhizosphere by mechanisms such as changes of soil pH 
and the release of organic acids and chelating compounds. However, there is still 
limited direct evidence of this for Zn uptake by dicotyledons. Plant induced soil 
pH change should affect nutrient availability (Darrah, 1993). Schottelndreier and 
Falkengren-Grerup (1999) reported that root growth increased soil pH by up to   
0.7 units. In another study, McGrath et al. (1997) found a decrease of soil pH by 
0.2 to 0.4 pH units. Grinsted et al. (1982) reported that the pH in the rhizosphere 
decreased as much as 2.4 units with rape seedlings grown in phosphate deficient 
soil.  In addition, Riley and Barber (1971) reported that the pH of rhizosphere soil 
can be differ by up to 2 pH units from  the non-rhizosphere soil.  
In this present study, the rhizosphere soil had lower pH than the non-
rhizosphere soil, with differences in the range of 0.14 to 0.48 at 5-leaf stage 
(Table 6. 10) and from 0.11 to 0.49 pH units at 7-leaf stage (Table 6.11). 
Differences between rhizosphere and non-rhizosphere soil pH could be due to 
organic acids excreted by plant roots (Hedley et al., 1982a), or by the uptake of 
excess cations (Hedley et al., 1982a; McGrath et al., 1997) or by a specific 
increase in proton excretion in response to Zn deficiency (Hedley et al., 1982a)  
also hypothesized that decrease of pH was caused by the production  of organic 
acids by rhizosphere micro-organisms.  173 
6.5.3. Organic acids in rhizosphere and non-rhizosphere soil 
  A wide range of low molecular weight organic acids, of which citric acid 
was most abundant, were detected in the rhizosphere and non-rhizosphere soil. 
However, the concentrations of organic acids were higher in the rhizosphere soil 
compared with the non-rhizosphere soil, and the concentration of organic acids 
especially citric acid in soil supporting direct-sown plants was higher than that in 
soil which transplanted seedlings with either damaged or an undamaged root 
system were grown. 
  This study showed that Zn deficient oilseed rape exuded higher organic 
acids compared with Zn adequate plants. The finding was consistent with the 
results reported by Jianbo et al. (1998) that under Zn deficiency, plants released 
higher amounts of low molecular-weight organic acids. However, the higher 
quantity of organic acids did not lower the soil pH. Indeed, at low Zn supply the 
soil pH was higher. Therefore, the decrease of soil pH in the rhizosphere and non-
rhizosphere was most probably related to the increased proton excretion, which 
would be related to dry matter production assuming proton excretion was directly  
correlated to the amount of cation absorbed  in excess of anions. 
  The present study showed that organic acids exuded by plant roots 
increased with plant age, for direct sown plants or transplanted seedlings. Possibly 
the higher organic acids were detected in direct-sown plants because the root 
system had not  experienced transplanting stress or root damage through pruning. 
It is postulated that seedlings pulled from the nursery bed had damage to the root 
tips, delayed recovery of root function, and delayed release organic acids. The 
delay to rhizosphere modification processes would have impaired the mobilization 174 
of Zn in the soil and as a result inhibited Zn uptake by roots. Thus rhizosphere pH 
results agreed with the hypothesis that root recovery and function may influence 
the rhizosphere modification and affect Zn availability.  
  It has been well documented that roots can exude organic acids and 
increase the availability of P (Bolan et al., 1994). Jones and Darrah (1994) 
reported that citric, malic and succinic acid were dominant under P deficiency in 
maize. In response to P deficiency, Hoffland et al. (1989b) by using the agar plate 
technique demonstrated that the exudation of organic acids (malic and citric acid) 
was remarkably higher in the acidified root zone of P-deficient rape. Since P 
supply to oilseed rape was designed to be adequate for plant growth in the present 
experiment, it seems unlikely that the increased organic acid excretion influenced 
growth of direct-sown oilseed rape by increasing P uptake. However, this 
possibility cannot be completely ruled out. Indeed there is evidence from previous 
studies with oilseed rape in the field in Central China that transplanted plants 
respond to higher external P than was expected based on soil P levels (Hu et al., 
1996).  
6.5.4.  Zinc concentration in rhizosphere and non-rhizosphere soil  
  Zinc supply and root pruning considerably influenced the amount of Zn 
extracted. Indeed the amount of extractable Zn also depends on the soil 
characteristics and the extractant. For example, Thorne (1957) stated that HCl is 
widely used to extract Zn from Zn deficient soils but not for those that contain 
high CaCO3. Later, Lindsay and Norvell (1978) recommended that DTPA be used 
to extract Fe, Zn, Mn and Cu in alkaline soils. Moreover, Akram et al.  (1995) 175 
reported that a modified DTPA extractant was used specifically to identify Zn and 
other micronutrient metal deficiencies in near- neutral and calcareous soil.  
  Rhizosphere soil had lower extractable Zn level compared with non-
rhizosphere soil. Lower extractable Zn levels in the rhizosphere soil were found 
for all treatments including direct sown plants, transplanted with or without root 
pruning. The lower extractable Zn level in the rhizosphere indicates the strong 
influence that Zn absorption by plant roots had on this form of soil Zn. Roots were 
unable to penetrate the nylon mesh into the non-rhizosphere soil, therefore non-
rhizosphere soil had higher extractable Zn level. This finding agreed with work 
reported by Wang and Zabowski (1998) that extractable nutrient levels are lower 
in the rhizosphere. However, it is worth noting that the present results may be 
exacerbated by the weak Zn buffering capacity in the low Zn, sandy soil used, and 
may not be so obvious in well-buffered low Zn soils, such as alkaline clay.  
6.6.  Conclusion 
  The present results confirmed that transplanted oilseed rape has a higher 
external Zn requirement for maximum root and shoot growth than direct-sown 
plants. In addition, they extended the previous finding by demonstrating that the 
higher Zn requirement was needed with or without root pruning in transplanted 
seedlings. Hence there appears to be a specific transplanting stress which is 
alleviated in part by increased external Zn supply. Increased external Zn supply 
possibly maintains or hastens the restoration of membrane integrity more 
effectively in the root of transplanted seedlings. Pruned roots may also require 
increased external Zn to satisfy a requirement for membrane integrity in roots at 176 
transplanting. However, addition factors related to cytokinin and phytohormone 
levels maybe involved in the increased Zn requirement in root-pruned 
transplanted seedlings.    
  The present study also confirmed that the chemical composition in the 
rhizosphere and non-rhizosphere soil had changed substantially over time during 
the plant growth, due to the release of organic acids from plant roots. Nine organic 
acids were identified in the soil in which plants were grown in this experiment 
soil, namely:  oxalic, tartaric, formic, maleic, malic, malonic, lactic, citric and 
succinic acids. Citric acid was the predominant acid that detected in the 
rhizosphere and non-rhizosphere soil of direct-sown and transplanted oilseed rape. 
Under Zn deficiency, plants excreted higher amounts of organic acids but the 
relative abundance of acids remained similar. 
The rhizosphere pH was lower than non-rhizosphere pH by between 0.1 
and 0.5 units. The lower soil pH in rhizosphere soil was dependent on the Zn 
supply and plant biomass, and possibly on the quantity of organic acids. The 
concentration of mobile Zn (extractable with DTPA) in the rhizosphere was also 
lower than those of non-rhizosphere soil, and attributed to the uptake of Zn by 
plant roots. In summary, the chemical changes in rhizosphere soil seem to be more 
responsive than non-rhizosphere soil for Zn mobilization and uptake by plant 
roots of oilseed rape after transplanting. However, it still remains unclear what 
role organic acids play in solubilizing Zn or other nutrient activities for uptake by 
oilseed rape, and its contribution to Zn uptake relative to that of rhizosphere 
acidification. Further research needs to be directed toward gaining a better 
understanding of the processes  occurring  in the rhizosphere.  177 
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CHAPTER 7
GENERAL DISCUSSION
From the series of experiments carried out it is possible to draw out
several general issues relating to Zn requirements and responses of transplanted
crops, plus some additional comments about the nutrition of transplanted crops in
general.
7.1. Effect of zinc application and root pruning on plant growth
At the same levels of Zn supply, direct-sown plant in most cases in the
present study achieved much higher root and shoot dry weight and also greater
root length than transplanted plants. These results were obtained in soil culture,
solution culture and rhizobags. However, despite their higher biomass the external
Zn requirements of direct-sown were lower than those of transplants. This suggest
that direct-sown plants were more efficient in uptake of soil Zn, allowing them to
achieve  maximum  dry  matter  at  a  lower  external  Zn  levels  than  those  of
transplanted plants (Chapter 2, 3 and 6). The probable reason for this was that the
root system of direct-sown plants did not experience root damage, from either
transplanting per se, or from root pruning or both. The mechanisms responsible
are described below.
The evidence for increased Zn uptake efficiency was not clear-cut in
support of greater efficiency by direct-sown plants. Direct-sown plants caused
greater  rhizosphere  acidification  (Chapter  6).  Undoubtedly  this  would  be
beneficial for Zn uptake by increasing plant available Zn levels (Lindsay, 1991).
Indeed, levels of all three fractions of extractable Zn (DTPA, HCl, Quinone) and179
organic acids were higher in the rhizosphere of direct-sown plants at harvest than
for transplanted plants. The main organic acid excreted was citric acid. Citric acid
and other organic acids in the rhizosphere may also contribute to more efficient
Zn uptake by direct- sown seedlings (Marschner et al., 1987; Marschner and
Romheld, 1991).  
Direct-sown plants appeared to respond to low soil or solution Zn by
increasing  root  hair  density.  However,  at  low  external  Zn,  there  was  less
rhizosphere acidification than at adequate Zn. Thus, there appeared to be no
specific rhizosphere acidification response activated under low Zn in direct-sown
seedlings. Rather the extent of rhizosphere acidification was correlated with plant
dry matter and hence was a reflection probably of the excess of cation uptake
relative to anion uptake that in turn was a product of plant dry matter. Clearly, the
form and amount of nitrogen fertilizer supplied would have a significant bearing
on the extent of rhizosphere pH change, but this was not examined in the present
study.
Generally, the deficiency symptoms of Zn were observed first between day
8 to 12 after sowing or transplanting. The typical Zn deficiency of direct-sown
plants appeared earlier than with transplanted plants. Direct-sown plants were
initially dependent on seed Zn reserves before plant roots could take up Zn from
the soil solution. On the other hand, while seedbed Zn supply was generally low
to marginal for oilseed rape growth (see Chapter 2, Table 2.7), reserves of Zn in
seedlings at transplanting were clearly sufficient for a period of post-transplanting
growth,  and  were  readily  remobilised  by  seedlings  before  plants  became
dependent on soil Zn supply.180
Grewal and Graham (1997) found that planting seed of oilseed rape with
low Zn concentration initially strongly inhibited growth of direct-sown seedlings
than low soil Zn levels. However, with time there appeared to be a recovery in
plant growth at low soil Zn. In the rhizobags study, dry matter of low Zn plants at
5-leaf stage was lower than that of transplanted plants. However, dry matter of
shoot at low Zn between 5- and 7-leaf stages increased about 70 % in direct-sown
plants and about 46 % in transplanted plants. In Chapter 2 also, dry matter of
seedlings at low external Zn increased as a percentage of that at adequate soil Zn
between 7-leaf and 10-leaf stages. The partial recovery of dry matter production at
low Zn in direct-sown plants over time may be a reflection of their rhizosphere
modification especially increased organic acids excretion and increased root hair
density but apparently not due to increased rhizosphere acidification.
Seedlings transferred from low seedbed Zn had poor seedling vigour.
Conversely, seedlings transferred from adequate Zn supply in the seedbed stored
Zn  in  the  plant  parts  that  was  remobilized  soon  after  transplanting.  For
transplanted  seedlings,  seed  Zn  concentration  may  also  be  important  for
establishing vigorous seedlings in the nursery. Vigorous high Zn seedlings in the
nursery are likely to result in enhanced recovery growth after transplanting.
However, even the highest seedbed Zn level applied in the present study was only
just adequate for growth, and it may be possible to achieve greater benefits with
higher seedbed Zn levels.
 Whereas there was evidence of increased Zn uptake efficiency in direct-
sown plants during early growth, later between 7 and 10-leaf stages, the relative
absorption rate for transplanted seedlings was greater than for direct-sown plants.181
Presumably, this reflected the fact that abundant new root growth had by 7-leaf
stage occurred in transplanted seedlings. Therefore a greater proportion of roots in
transplants were young, with high Zn absorption rate by comparison with the
direct-sown plants where a significant proportion of the root system was older
roots with low Zn uptake rate. Thus after recovery from transplanting there was
evidence of increased Zn uptake efficiency in the transplanted seedlings.
The growth response of transplanted crops to Zn were stronger soon after
transplanting  and  weakened  as  the  plants  recovered  from  root  injury  or
transplanting stress. Once the new roots grew and had established good contact
with the soil, a lower external Zn concentration would suffice for supporting
further plant growth. Clearly, the high external Zn was required for alleviating the
transplanting stress, and also to improve the new root growth in order to ensure
survival of the seedlings and to hasten the recovery of the root function (Abod et
al., 1979). It has long been recognized that adequate supply of Zn is essential to
the development of plant root system. Therefore, it reasonable to conclude that
transplanted crops only suffered from a temporary Zn deficiency.
In term of root morphology, Zn deficient plant produced greater root hair
density but Zn adequate plants had greater root length (Chapter 3 and 4). The
functions of root hairs may vary widely with environmental conditions (Hofer,
1996).   Under Zn deficiency, the form of root hairs were abnormally short,
crinkled and curved. However, uptake efficiency of water and nutrients which are
transported via the plasmodesmata not only depends on the number of root hairs
but also is related to the root hair length (Caradus, 1979). In addition, the number
of root hairs might be inversely correlated with the relative growth rate of roots182
(Hofer, 1996). Apparently, the greater root length was sufficient to meet the
demand for Zn in the present study. Barley (1970) indicated that maximum root
length is required for the uptake of immobile nutrients. Since Zn is immobile
nutrient in the soil, it seems that maximum root length  is more important  than the
abundant root hair density.
Numerous studies have shown that root pruning reduced shoot and root
growth and eventually limited yield (Alexander and Maggs, 1971; Geisler and
Ferree, 1984; Bar-Tal et al., 1994a, b). In this present study, 50 % root pruning
considerably depressed the shoot and root growth. Apart from the effects on Zn
nutrition as discussed above, a range of other effects of root pruning may impair
plant  growth  after  transplanting.  Root  pruning  induced  the  senescence  and
abscission of two to four older leaves after transplanting. Possibly, root pruning
induced water stress. In China, transplanted oilseed rape seedlings experienced a
loss of leaf turgour for up to 2 weeks after transplanting, and Hu et al. (1996)
suggested that the restoration of leaf turgour coincided with new root regeneration
and new leaf growth.
.  Humphries (1958) indicated that root pruning had direct effects on plant
growth by reduced transpiration and nutrient uptake. Furthermore, Carmi and
Heuer (1981) demonstrated that root pruning induced a reduction of growth
substances transported from  root to the  shoot and an imbalance of  root and shoot
hormones, a change assumed to result  from lower availability of photosynthesis.
Consequently, the decline of photosynthate led to decreased relative growth rate
of root and shoot. Hence even in the absence of Zn limitations, root pruning
restricts plant growth. However, the additional effects on Zn nutrition may be183
more prevalent than commonly realized and should not be overlooked in plant
production systems that involve root pruning.
7.2.  Zinc requirement of transplanted crops
The Zn requirement of different crops varies greatly with the plant species
and growth stage. Generally, Zn requirements for plant growth can be divided into
two components namely : internal and external zinc requirement. The internal Zn
requirement is usually expressed as a critical Zn concentrations in a specific plant
part corresponding with 90 % of maximum yield (Ulrich and Hills, 1967; Ware et
al., 1982; Smith and Loneragan, 1997). The critical Zn concentration also varies
with  the  growth  stage  (Reuter  et al., 1997). It may also be expressed as a
functional Zn requirement for enzyme activity (Kastrup et al., 1996).
The present study set critical Zn concentrations for leaf blades (YFEL) for
diagnosis of Zn deficiency at two growth stages of oilseed rape. The critical Zn
value  is  important  in  the  interpretation  of  plant  analysis  that  distinguishes
deficiency from adequacy. The critical Zn concentration in YFEL at 7-leaf stage
was higher than at 10-leaf stage. This may reflect changed demand for Zn in
physiological processes as the plants aged. For example, the rosette stage may
require higher Zn than green bud stage. However, it likely that the reason for the
decline of Zn concentration at 10-leaf stage is due to the nutrient distribution to
the plant parts to maintain the cell growth and metabolic activities (Craswell et al.,
1987).
 The critical Zn concentrations of oilseed rape derived in the present study
were compatible with the values reported by Huang et al. (1995) who suggested184
the YML of oilseed rape at approximately the same growth stage required 7 – 8
mg Zn kg
-1. Yet, Reuter et al. (1997) reported that for maximum seed yield of
oilseed rape, the critical concentration in young mature leaves was significantly
higher (22 mg Zn kg
-1). This probably reflects the calibration of the latter values
for prognosis of Zn deficiency for seed yield, and the former for diagnosis.
The results of the current study indicated that the mobility of Zn in
transplanted oilseed rape depends on the Zn supply and the plants Zn status.
Loneragan et al. (1976) reported that Zn was mobile when plants have high Zn
supply. Under Zn deficiency, Zn concentrations in roots were higher than Zn
concentrations in shoots. Longnecker and Robson (1993) reported that higher Zn
concentration in the roots involves poor translocation of Zn from root to the shoot.
In addition under low Zn, Zn retranslocation from old leaves was restricted.
However, when Zn supply was adequate, Zn became more mobile in the plant,
thus Zn can be retranslocated to other plant parts especially growing tissues or
from  root  to the  shoot.
7.3.  Mechanisms of  increased  external zinc requirement
There  have  been  very  few  studies  that  quantitatively  evaluated  the
development of the root system of transplanted crops and related it to nutrient
requirements. Several mechanisms may be involved in the higher external Zn
requirements for transplanted plants than for direct-sown crops to produce the
same yield. These are now discussed below:
7.3.1. The  temporary increases in shoot : root ratio185
The present study showed that transplanted oilseed rape had a temporary
increase in shoot : root ratio  after transplanting. Increased shoot : root ratio during
the early growth may contribute to transplanting stress. Later plants had fully
recovered (about 10 leaf-stage) from the damage of root system, and this was
reflected in the decreased shoot : root ratio. The decline of the shoot : ratio  was
consistent  with the decline of external Zn requirement. Indeed, shoot : root ratio
reflects to functional equilibrium between shoots and roots (Mengel and Kirkby,
1987). When 50 % of the roots were removed, plants tended to compensate by
reduced shoot growth, as a result, the shoot : root ratio returned to a ratio
characteristic  for the plant species.
Numerous studies showed that the ratio of shoot to root varied between
plant species during ontogenesis of plants. Marschner (1995) reported results
showing that oilseed rape had a relatively high shoot : root ratio compared to
other plants, suggesting that  it likely to be sensitive to post-transplanting nutrient
disorder associated with root damage. The shoot : root ratio of   transplanted
oilseed rape at the early growth stage was double  that at a later growth stage, and
at the  later growth stage  the shoot : root ratio was equal between transplanted
and direct-sown oilseed rape. By contrast, for transplanted rice, the shoot : root
ratio  only slightly decreased at the later growth stage (author’s unpublished data).
7.3.2.   The time taken for the recovery of root function
Seedlings transferred into nutrient solution recovered faster than seedlings
transferred to soil culture. It proposed that because seedlings transferred to
solution culture had direct contact between root and ionic Zn, the existing root186
could directly absorb Zn from the solution, providing Zn immediately for new
root growth. Conversely, in soil culture, roots and soils had poor contact after
transplanting and this may limit both growth and Zn uptake  (Sand, 1984).
By  using  chelate-buffered  solution  culture  with  sequential  harvests
(Chapter 4) it was shown that the recovery of root function took between 10 to 15
days after transplanting. However, in soil culture using rhizobags (Chapter 6), by
7-leaf stage plants started to recover, as shown by the increase of the shoot : root
ratio. By 10-leaf stage plants seemed fully recovered from the transplanting stress
(Chapter 2), they were able to absorb Zn from the soil and the shoot : root
decreased to the same as direct-sown plants. Thus, it can be concluded that time
required for transplanted seedlings to recover from root injury and re-establish the
plant growth depends on the effectiveness of soil : root contact and on external Zn
levels.
7.3.3.  Rhizosphere modification
The recovery of root function after transplanting can obviously be related
to the rhizosphere modification and its impact on Zn uptake and translocation
within the plants. Marschner et al. (1986) reported that growing roots release an
appreciable amount of root exudates into the rhizosphere. In addition, the plant
roots may have significant effect in the mobility and availability of mineral
nutrients through change of soil pH and release of organic acids and chelating
compounds (Marschner et al., 1986; Dinkelaker and Marschner, 1992). Organic
acids were a significant component of root exudates of transplanted oilseed rape.
The results of the present study showed that oilseed rape is capable of excreting187
organic acids such as citric, lactic, formic, and oxalic acids (Chapter 6). It is
proposed that increase of organic acids exudation is a mechanism by which under
Zn deficiency plants enhance the availability of Zn in the rhizosphere. No
previous report has been found on the effect of rhizosphere modification on
mineral nutrition of transplanted oilseed rape.
The response of plants to external Zn increased when 50 % of roots had
been pruned at transplanting. Thus, it suggested that the organic acids were
exuded from just behind the root tips, as a result removal of root tips when 50 %
of roots were removed may delay the recovery of root function and restrict the
excretion of organic acids into the rhizosphere soil. Consequently, transplanted
crops may required higher external Zn requirement than direct-sown plants in
order to hasten the recovery of root function at the early growth stage especially
before plant roots have absorbed Zn from soil solution. The decrease of soil pH is
brought about the excretion of H
+. Proton excretion is related to the cation to
anion uptake ratio and the necessity for plants to maintain electrochemical balance
both in root cells and in the external solution. Thus, the release of organic acids in
the rhizosphere could not be explained simply by the change of soil pH and Zn
mobilization.
7.3.4. Agronomic consequences
A number of specific improvements to the agronomy of transplanted crops
can be deduced from the present study. Particular attention should be given to
minimise transplanting effects by gently removing plant roots from the nursery
medium to minimise the root damage at transplanting. Alternatively, the nursery
medium can be designed so that the seedlings can be pulled for transplanting with188
much less root damage than presently occurs. Mixing organic or inorganic
materials like rice straw or husks or sand to the nursery may decrease soil strength
sufficiently  to  facilitate  removal  of  roots  with  minimal  damage.  Another
possibility is the propagation of seeds in small containers or plastic bags that
would allow direct transplanting of the container into main-field without root
damage. Avoiding pruning of the root at transplanting would be beneficial for the
post-transplanting growth of oilseed rape and would decrease the external Zn
requirement.
Greater attention should be given to seedbed Zn nutrition to maintain
adequate Zn concentration in the seedlings before transplanting, or by dipping
roots in a slurry of ZnO when transplanting or by placing the amount of Zn
fertilizer proximity the roots (Bell et al., 2004). Even the highest level of seedbed
Zn supplied in Chapter 4 was still only just adequate for oilseed rape growth.
Hence  greater  benefits  could  be  obtained  from  higher  seedbed  Zn  supply,
provided levels were not toxic for oilseed rape.
7.4. Concluding remarks
This thesis has significantly advanced understanding of the Zn nutrition of
transplanted crops. The main findings are:
a.  Transplanted oilseed rape had higher external Zn requirements than those of
direct-sown plants, especially for root growth after transplanting. Zinc appears
to have an important  role in root growth after  transplanting.189
b.  The sensitivity to Zn deficiency after transplanting increases on account of
damage to the root system when seedlings are pulled from the nursery bed
with minimal care  at transplanting.
c.  The growth response of transplanted crops to Zn is stronger immediately after
transplanting and weakened as the plants recovered  from root injury.
d.  Removal of 50 % of roots at transplanting further impaired the capacity of
transplanted crops to absorb Zn either from soil culture or from chelate-
bufferred solution. It may also delay the formation of root tips, and the
capacity of roots to modify its rhizosphere to mobilize soil Zn.
e.  The mobility of Zn in transplanted crops depends on the Zn status within the
plants and plant age. When Zn supply is adequate, Zn in plants was mobile,
while Zn deficient plants accumulate Zn in their root and old leaves. Hence
Zn in seedlings adequately supplied in the nursery bed will be more available
for remobilisation to support  new growth  after transplanting.
f.  Chemical composition of rhizosphere soil differs from non-rhizosphere soil
due to the root exudation and Zn uptake by plant roots.
g.  Oilseed rape either direct-sown or transplanted are capable of releasing
organic acids into the rhizosphere  in response to Zn deficiency. Nine organic
acids have been found in the rhizosphere and non-rhizosphere soil of which
citric acid was the major form. Hence, it suggested that citric acid can enhance
mobilization of  Zn from less available fractions in the soil.
h.  The soil pH and extractable Zn levels in the rhizosphere were lower compared
to non-rhizosphere soil.190
The implications of this thesis for the management of Zn nutrition of
transplanted  crops are :
a.  Zinc application enhances growth and uptake of transplanted crops. Other
nutrient deficiencies especially of soil immobile elements may also limit
post-transplanting growth and require further investigation.
b.  An higher Zn rate should be applied to the transplanted crops in the nursery
bed and in the main-field than direct-sown plants.
c.  Since many horticulture crops are transplanted from a seedbed to the main-
field,  greater  attention  should  be  given  to  preventing  root  damage  at
transplanting.
d.  The  relationship  of  the  release  of  organic  acids  to  Zn  mobility  in  the
rhizosphere  requires  further  examination,  in  order  to  obtain  a  better
understanding for root growth and recovery of root function in transplanted
crops.REFERENCES192
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Appendix 2.1. The soil chemical properties of Lancelin sand.
Properties
a Concentrations Unit
Texture
Colour
Nitrate-nitrogen (2 M KCl-extractable)
Ammonium-nitrogen (2 M KCl-extractable)
Phosphorus (Colwell)
Potassium  (Colwell)
Sulphur (KCl40)
Organic carbon
pH (water 1:5)
pH (0.01 M CaCl2 1:5)
DTPA Cu
DTPA Zn
DTPA Mn
DTPA Fe
1.5
Grey
2
4
2
21
3.7
1.01
5.7
5.0
0.1
0.14
0.73
17
%
-
mg kg
-1
mg kg
-1
mg kg
-1
mg kg
-1
mg kg
-1
%
-
-
mg kg
-1
mg kg
-1
mg kg
-1
mg kg
-1
a Rayment and Higginson (1992)221
Appendix 2.2.    Effect of Zn supply on Zn concentration (mg kg 
–1) in roots of
direct-sown  and  transplanted  oilseed  rape  plants  grown  in
Lancelin sand and harvested at the 7- and 10-leaf   stages of
growth.
Direct-sown Transplanted Zinc supply
(µg kg
-1 soil) 7-leaf 10-leaf 7-leaf 10-leaf
10
30
50
70
90
180
360
38 c
  23 ab
16 a
17 a
17 a
22 a
29 b
35 c
  31 bc
21 a
25 ab
25 ab
33 c
38 c
65 c
51 a
  55 ab
59 b
  55 ab
64 c
   55 ab
 24 bc
13 a
  17 ab
     22 abc
   23 bc
 28 c
  31 c
[Values are means of three replicates.  Means  in a column  followed by the same
letter  do not differ significantly,  P ≤  0.05].222
Appendix 3.1. Effect of Zn-HEDTA concentration in solution on shoot and root
fresh weights (g plant
-1) of direct-sown and transplanted oilseed
rape plants.
Direct-sown Transplanted
Zinc supply
(µM)
Shoot Root Shoot Root
0
0.05
5.0
      19.8 a
      60.8 b
      79.6 c
       4.6 a
     10.4 b
     11.7 b
         13.0 a
         27.9 b
         38.8 c
       3.8 a
       6.7 b
       9.3 c
[Values are means of three replicates. Values  followed by the same  letter are not
significantly different, P ≤ 0.05].223
Appendix 4.1. Effect of solution Zn-HEDTA concentration and root pruning on
relative  growth  rate  of  shoots  and  roots  (g  100  g
-1  day
-1)  of
transplanted oilseed rape at 0-5, 5-10, 10-15, 15-20 and 20-25 days
after transplanting in chelate-buffered nutrient solution.
Treatment Time (days after transplanting)
Zinc conc. (µM) Pruning
(%)
0-5 5-10 10-15 15-20 20-25
Shoot
0.02
5.0
0.02
5.0
0
0
50
50
10.6
12.7
10.5
10.3
12.3
16.6
11.0
16.1
19.7
23.1
19.1
21.4
13.4
14.5
1.0
13.4
4.4
4.7
4.1
4.7
LSD (P ≤ 0.05)
Zinc supply
Pruning
Zinc x Pruning
ns
0.4*
       ns
0.7**
ns
ns
0.6*
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
Root
0.02
5.0
0.02
5.0
0
0
50
50
15.3
19.3
13.9
 19.1
24.6
27.6
23.8
25.6
22.9
25.0
21.5
22.1
13.9
16.5
12.2
14.1
6.2
6.4
6.0
6.0
LSD (P ≤ 0.05)
Zinc supply
Pruning
Zinc x Pruning
0.7**
ns
ns
0.4**
0.4*
ns
0.4*
0.4*
ns
0.6*
0.6*
ns
ns
ns
ns
[Values are means of three replicates. Values followed by the same letter are not
significantly different, P ≤ 0.05].224
Appendix  4.2. Effect of solution Zn-HEDTA concentration and root pruning on
Zn content (µg plant
-1) of transplanted oilseed rape at 5, 10, 15, 20
and  25  days  after  transplanting  in  chelate-buffered nutrient
solution.
Treatment Time (days after transplanting)
Zinc supply
(µM)
Pruning
(%)
5 10 15 20 25
0.02
5.0
0.02
5.0
0
0
50
50
9
28
8
24
22
69
17
56
77
302
55
222
198
653
101
489
262
953
138
646
LSD (P ≤ 0.05)
Zinc supply
Pruning
Zinc x Pruning
0.5**
0.5*
0.8
2.1**
2.1**
ns
5.8**
5.8**
8.3*
12**
12**
ns
16**
16**
23*
[Values are means of three replicates. Values followed by the same letter are not
significantly different, P ≤ 0.05].225
Appendix 5.1. Effect of seedbed Zn levels and root pruning on shoot and root
fresh  and  dry  weights  (g  pot
-1)  of  seedlings  selected  for
transplanting after 32 days growth in Lancelin sand seedbed.
Treatment
(µg Zn kg
-1)
Shoot
Fresh
Root
Fresh
Shoot
Dry
Root
Dry
50 (without  pruning )
50 (50 % pruning)
90 (without pruning)
90 (50 % pruning)
3.4
3.0
3.8
3.6
0.27
0.25
0.39
0.38
0.34
0.26
0.35
0.28
0.032
0.028
0.033
0.026226
Appendix 5.2. Effect of seedbed Zn, Zn concenttration in solution and root
pruning on   phosphorus concentration (g kg
-1) and content (mg
plant
-1) in the two oldest leaves of transplanted oilseed rape at 20
days after transplanting.
Treatment
Seedbed
(µg Zn kg
-1)
Pruning
(%)
Zn conc.
(µM)
P concentration
(g kg
-1)
P content
(mg plant
-1)
50.
90
50.
90
50.
90
50.
90
50
50
0
0
50
50
0
0
0.02
0.02
0.02
0.02
5.0
5.0
5.0
5.0
10.5
14.5
10.4
4.8
3.7
6.2
2.9
6.9
14.6
14.4
11.8
14.7
3.7
6.2
3.8
6.8
LSD (P ≤ 0.05)
Seedbed Zn
Zn conc.
Root pruning
Seedbed Zn x Zn conc.
Seedbed Zn x Root pruning
Zn conc. x Root pruning
Seedbed Zn x Zn conc. x  pruning
0.2**
0.2**
ns
ns
ns
ns
ns
0.27**
0.27**
ns
ns
0.04*
0.04*
ns
[Values are means of three replicates. Values in a column followed by the same
letter are not significantly different,  P ≤ 0.05].227
Appendix   5.3. Effect of seedbed Zn, Zn concentration in solution and root
pruning on shoot and root dry weights (g pot
-1) of transplanted
oilseed rape  at 20 days after transplanting.
Zn Treatment
Seedbed
(µg kg
-1)
Zn conc.
(µM)
Pruning
(%)
Shoot
(g pot
1)
Root
(g pot
1)
50
50
50
50
90
90
90
90
0.02
5.0
0.02
5.0
0.02
50
0.02
50
0
0
50
50
0
0
50
50
4.3
7.3
4.2
6.5
6.3
9.1
4.7
8.0
0.85
1.02
0.64
1.01
1.06
1.13
0.70
1.02
LSD (P ≤ 0.05)
Seedbed Zn
Zn conc.
Root pruning 
Seedbed Zn x Zn conc.
Seedbed Zn x root pruning
Zn conc. x root pruning
Seedbed Zn x Zn conc. x pruning
0.02**
0.02**
    ns
    ns 
    ns
    ns
    ns
0.27**
0.27**
ns
ns
0.04*
0.04*
ns
[Values are means of three replicates. Values  followed by the same  letter are not
significantly different, P ≤ 0.05].228
Appendix 6.1.   Effect of Zn supply and root pruning on root and shoot fresh
weights (g plant
-1) of transplanted and direct-sown oilseed rape at
5- and 7-leaf stages in Lancelin sand.
Treatment Roots Shoots
Zn levels
(µg Zn kg
-1)
Pruning
(%)
5-leaf 7-leaf 5-leaf 7-leaf
Transplanted
30
100
500
30
100
500
0
0
0
50
50
50
0.76
0.87
0.88
0.58
0.75
0.84
2.55
2.84
4.33
1.57
2.34
3.12
8.8
10.3
12.3
5.2
10.2
11.7.
30.7
39.1
44.3
25.4
35.7
42.2
LSD (P ≤  0.05)
Zn levels
Pruning
Zn levels x Pruning
0.03**
0.02**
ns
0.17**
0.14*
ns
0.44**
ns
ns
0.91**
0.74*
ns
Direct-sown
30
100
500
LSD(P ≤ 0.05)
-
-
-
0.27
0.42
0.65
0.04**
0.81
1.93
3.58
0.23**
7.4
13.7
16.9
0.58*
13.8
20.5
24.2
0.91**
[Values are means of three replicates. Values  followed by the same  letter are not
significantly different, P ≤ 0.05].229
Appendix 6.2. The retention times of each standard organic acid measured by high
pressure  liquid chromatography.
Acids Retention times
(min)
Oxalic
Tartaric
Formic
Malic
Lactic
Malonic
Maleic
Citric
Succinic           
2.616
3.389
3.683
5.157
5.671
7.273
9.154
10.388
11.383